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ABSTRACT 

Growth in land plants is based on stem cell activity. In seed plants, most of the biomass is produced in the 

sporophytic generation by stem cells that are embedded in complex multicellular meristems. The CLAVATA 

pathway is composed of a set of diffusible peptides and their receptors, and mediates intercellular 

communication and stem cell regulation in multicellular meristems. In non-seed plants, growth is based on 

the activity of one or a few apical initials. Moss development is based on several single celled meristems, 

each one constituted by a different stem cell type, which generate filaments, shoots, phyllids and 

reproductive organs in the gametophytic generation. In this thesis I explore the role of the CLAVATA 

pathway in the regulation of different types of moss stem cells, using the model moss Physcomitrium 

patens. By using expression pattern and mutant phenotype analyses, I contribute to uncover the conserved 

role of CLAVATA in repressing stem cell identity and/or proliferation in P. patens shoots. I then focus on the 

roles of CLAVATA in the regulation of plant shape and filament development. Here I show that CLAVATA 

represses the transition from photosynthetic (chloronema) to foraging (caulonemata) filaments by acting 

on apical stem cell identity. Because this identity shift is controlled by auxin and cytokinin, I then examine 

the links between CLAVATA and these two hormones, showing that CLAVATA upregulates auxin synthesis 

and transport in filaments. Finally, I examine CLAVATA roles in the regulation of bud and phyllid 

development, and reveal a possible role in reproductive development. Overall, in this thesis I show how 

CLAVATA pathway regulates different stem cell types in P. patens, and identify possible links with auxin and 

cytokinin homeostasis. This study will help to elucidate how single celled meristems function and how 

different evolutionary trajectories mold the function of gene families. 
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Land plants evolved from multicellular green algae  

Land plants originated around 470 million years ago from a lineage of freshwater green algae (Charophytes) 

(Gensel, 2008; Delwiche & Cooper, 2015; Morris et al., 2018). Diverse growth forms are present in the 

Charophytes, going from single celled organisms to complex parenchymatous shapes (Delwiche & Cooper, 

2015). Despite their simple filamentous morphology, the Zygnematophyceae, a Charophyte lineage, are the 

closest living relatives to land plants based on genomic data (Timme et al., 2012; Puttick et al., 2018; Harris 

et al., 2020).  

To tolerate life on land, the first land plants acquired multiple innovations. The ability to prevent dessication, 

photodamage and ROS oxidation required biochemical innovations (Delwiche & Cooper, 2015). By 

coevolution with fungal partners, as well as the synthesis of novel exudates, the first land plants started 

creating soils and thus changing the terrestrial environment (Del-Bem, 2018; Vigneron et al., 2018). 

Morphological transitions included the innovation of three-dimensional growth, allowing plants to grow 

upright thanks to their ability to rotate cell division planes during development. While Zygnematophyceaen 

algae can grow by either apical or diffuse growth, land plants grow from specific foci called meristems, where 

one or multiple stem cells are active (Harrison, 2017). 

Furthermore, a fundamental change in life cycle progression accompanied the first steps of land plant 

evolution. In Charophytes, zygote formation is directly followed by meiosis (haplontic life cycle), while 

Embryophytes (land plants) are haplodiplontic. The acquisition of a multicellular sporophyte in land plants 

required the insertion of mitotic divisions into the zygote development program and led to the formation of 

two developmentally distinct organisms from the same genome (Harrison, 2017). Therefore, the last 

common ancestor of land plants had a three-dimensional body plan with alternation of multicellular 

gametophytic and sporophytic generations. Recently there have been suggestions that the first land plants 

were more complex than their closest living relatives, as morphological reduction occurred in both 

Zygnematophyceae and Bryophytes (Timme et al., 2012; Harris et al., 2020). 
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Land plant phylogenesis 

Based on phylogenomic data, land plants are divided in two monophyletic groups, Bryophytes and 

Tracheophytes (Puttick et al., 2018; Harris et al., 2020). In Bryophytes, the haploid gametophyte is the 

dominant generation, while in Tracheophytes (or vascular plants) the main body of the plant is the 

sporophyte, and the gametophyte produces gametes. Bryophytes comprise mosses, liverworts and 

hornworts. Mosses and liverworts form a clade, while the position of hornworts is still debated (Puttick et 

al., 2018). Tracheophytes, also known as vascular plants, comprise Lycophytes and Euphyllophytes, which 

differ in the developmental origin of their leaves. Euphyllophytes comprise Monilophytes (ferns and 

horsetails) and Spermatophytes (seed plants). While Monilophytes have free living gametophytes, seed 

plants retain the female gametophyte and produce seeds after fertilization  (Plackett et al., 2015; Meade et 

al., 2021). Finally, seed plants comprise Gymnosperms, in which the seed is not enclosed in the ovary, and 

Angiosperms, or flowering plants, which are the most abundant and well studied plant clade. 

Morphological evolution of vascular plants  

Bryophyte gametophytes can grow as branching thalli (hornworts and thalloid liverworts) or produce leafy 

shoots (mosses and leafy liverworts), whereas sporophytes are unbranched. As opposed to the uniaxial 

determinate sporophytes of Bryophytes, which terminate with the sporangium, Tracheophytes have a 

branching, indeterminate sporophyte. However, branching non-vascular sporophytes are present in the fossil 

record (Edwards & Kenrick, 2015). The sporophyte generation is dominant in Tracheophytes and contains 

lignified xylem cells and vasculature (Spencer et al., 2020).  Indeterminacy arises by the continuous activity 

of a meristematic region and by displacement of the determinate reproductive organs away from the main 

growth axis (Harrison, 2017). Overall, meristems can either have one or a few apical initials or be 

multicellular. Multicellular meristems are present in seed plants and in some Lycophytes and are constituted 

by different populations of cells which interact to coordinate growth. Indeterminacy in the diploid generation 

arose before multicellular meristems, as some Lycophytes like Selaginella kraussiana have indeterminate 

meristems based on the activity of apical initials (Harrison et al., 2007; Spencer et al., 2020). 
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The sporophyte of vascular plants can also produce lateral organs, such as leaves, which allow better 

harvesting of light. Leaves have evolved at least three times in vascular plants: Lycophytes leaves evolved 

from epidermal outgrowths that were later vascularized (microphylls) while fern and seed plant leaves 

evolved independently from the modification of lateral branches (fronds and megaphylls) (Bower, 1935; 

Zimmermann, 1952; Vasco et al., 2013). Both microphylls and fronds are generated by the activity of apical 

cells, while in seed plants cell divisions are uniform across the primordia (Plackett et al., 2015). However, the 

same classes of transcription factors were coopted during the evolution of leaves in Lycophytes and 

Euphyllophytes (Harrison et al., 2005; Prigge & Clark, 2006; Floyd & Bowman, 2006). The axils of seed plant 

leaves contain a group of stem cells which can originate axillary branches (axillary buds), while Lycophytes 

and ferns can only branch by dichotomising their shoot meristem (Harrison et al., 2007; Spencer et al., 2020). 

Roots, as well as leaves, originated multiple times during vascular plant evolution, replacing the rhizoid based 

root systems of early land plants. Interestingly, some genetic regulators are shared between rhizoid and root 

hair development (Jones & Dolan, 2012; Pires et al., 2013). Roots likely originated gradually from modified 

shoot meristems, with adventitious roots present in Lycophytes and ferns, while embryonic roots arose in 

the seed plants (Graham et al., 2000; de Vries et al., 2016; Liu & Xu, 2018). In Angiosperm embryos, two 

meristematic poles are established: the shoot apical meristem (SAM) and the root apical meristem (RAM). In 

adult plants, a third type of meristem is formed, the cambial meristem, which is responsible for radial shoot 

expansion.  
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Figure 1.1) Gametophyte and sporophyte body plans in different land plants clades. (A) Bryophyte gametophytes can 

branch dichotomously or produce axial branches, but vascular plants gametophytes are unbranched. (B) Liverworts and 

mosses have phyllids in the gametophytic generation. (C) Bryophyte and Monilophyte gametophytes grow from an 

apical cell. (D) Sporophyte branching and indeterminacy are only present in vascular plants. (E) Leaves originated 

independently at least three times in vascular plants’ sporophytes. (F) Sporophytes grow from an intercalary 

proliferative region in Bryophytes, and mosses also have a transient apical stem cell. In vascular plants the stem cell 

region is juxtaposed to the proliferative zone. Figure adapted from Harrison (2017). 

 

The CLV/WUS feedback loop regulates the number of stem cells in the shoot apical meristem of 

Angiosperms 

The shoot apical meristem of Angiosperms comprises a tunica and a corpus, each made by a distinct cell 

lineage. Cells in the outermost tunica divide anticlinally, while the innermost layer divides both anticlinally 

and periclinally. Stem cells are positioned at the center of the SAM dome, across all three layers, and 

constitute the central zone (CZ). Beneath the central zone there is an organizing center (OC), in which cells 
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rarely divide but provide positional signals needed to inhibit differentiation. The cells displaced from the CZ 

divide much faster, forming the lateral proliferative zone (PZ) and the inferior rib zone (RZ). 

One of the first mutants found to affect shoot apical meristem growth was clv1 in the model plant Arabidopsis 

thaliana (Leyser & Furner, 1992). The number of stem cells in the Arabidopsis SAM is regulated by a negative 

feedback loop between CLAVATA and WUSCHEL (WUS). Stem cell identity is promoted by WUS, which is 

expressed in the OC and moves via plasmodesmata to the CZ, where it promotes transcription of CLV3 CLE 

peptide (Mayer et al., 1998; Brand et al., 2000; Yadav et al., 2011). In turn CLV3 can diffuse and bind CLV1 

receptors present around the OC to repress WUS transcription and therefore stem cell number (Rojo et al., 

2002). In the OC, WUS and the transcription factor HAIRY MERISTEM (HAM) regulate stem cell maintenance. 

HAM is expressed specifically in the OC and prevents WUS from activating CLV3 transcription in this region 

(Zhou et al., 2015). In the Arabidopsis genome there are 32 CLE peptide-encoding genes and hundreds of 

potential receptors, and different peptide/receptor signaling modules regulate nearly all aspects of plant 

development (Jun et al., 2010). CLE peptides can act as short-range signals in pollen tube elongation (Endo 

et al., 2013), root hair development (Hayashi et al., 2018), leaf development (DiGennaro et al., 2018), stomata 

development and closure (Qian et al., 2018; Fletcher, 2020), and are even used by nematodes to infect plant 

roots (Guo et al., 2015). CLE peptides produced in the roots can also function as long-range signals in drought 

response and rhizobia formation (Djordjevic et al., 2015; Takahashi et al., 2018). Here I will focus on how 

CLAVATA regulates meristem function.  

Several post translational modifications are needed to produce active CLE peptides 

CLE genes are transcribed as an inactive pre-pro peptide template, and the pre-pro peptide contains an N-

terminal signal that targets CLEs for secretion, a long non-conserved region and usually one CLE domain close 

to the C-terminal, but genes with multiple CLE domains can be found in Selaginella moelendorffii and rice 

(Rojo et al., 2002; Miwa et al., 2009; Goad et al., 2017). The N-terminal signal is excised during secretion and 

then the CLE peptide is released by proteolysis (Gao & Guo, 2012). Whilst synthetic CLE peptides containing 

13 amino acids can cause a biological response, endogenous CLE peptides are made of 12 amino acids and 

contain three conserved prolines (Kondo et al., 2006, 2008; Ohyama et al., 2009; Goad et al., 2017; Dao & 
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Fletcher, 2017). In flowering plants, the first two prolines can be modified to hydroxyprolines, and the second 

can also be arabinosylated by the hydroxyproline O-arabinosyltransferase (HPAT). Arabinosylation is 

essential for SlCLV3 function in tomato (Xu et al., 2015), and it increases CLV3 binding and biological activity 

in Arabidopsis (Ohyama et al., 2009; Shinohara & Matsubayashi, 2013). However, Arabidopsis hpat mutants 

or mutants in which CLV3 lacks the arabinosylation site do not show meristem defects (Song et al., 2013; 

MacAlister et al., 2016). 

CLE peptides can be divided in two functional classes 

CLE peptides form two distinct clades: TDIF-like and CLV3-like. CLV3-like peptides inhibit stem cell 

proliferation in SAMs and RAMs, while TDIF-like peptides take their name from TRACHEARY ELEMENT 

DIFFERENTIATION INIBITORY FACTOR (TDIF), which inhibits xylem differentiation and promotes stem cell 

proliferation in the cambium (Clark et al., 1995; Ito et al., 2006; Etchells et al., 2016).  

CLV3-like peptide function is broadly conserved in Angiosperms, with some modifications. In tomato Slclv3 

mutants, a close paralog of SlCLV3 (SlCLE9) is overexpressed and compensates for SlCLV3 loss, and a similar 

mechanism is present in maize (Rodriguez-Leal et al., 2019). No such mechanism was found in Arabidopsis. 

Despite the expression of multiple CLV3-like genes in the SAM, only CLV3 seems to be pivotal for stem cell 

repression in both the vegetative and floral meristem, while CLE16, CLE17 and CLE27 are dispensable (Jun et 

al., 2010; Gregory et al., 2018). Monocots also rely on multiple CLE genes to regulate their shoot meristems. 

In rice at least four peptides are expressed in shoot meristems and specific to either the vegetative or the 

floral meristem. While Arabidopsis CLV3 is expressed in the meristem dome, in both rice and maize, CLE 

peptides produced in organ primordia regulate meristem activity (Fletcher, 2018).   

Few functional studies on CLV3-like peptides have been published outside of Angiosperms. In the Bryophyte 

Marchantia polymorpha, the only CLV3-like peptide found does not have a fully conserved function with 

Angiosperms, as it seems to promote stem cell proliferation instead of repressing it (Hirakawa et al., 2020). 

TDIF function is conserved in Angiosperms, as it regulates wood formation in aspen (Etchells et al., 2015). 

Arabidopsis TDIF peptide application can inhibit vascular development in a fern but not in the Lycophyte S. 

kraussiana, but Arabidopsis does respond to S. kraussiana TDIF peptides (Hirakawa & Bowman, 2015). Root 
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growth is impaired in response to TDIF treatment in a fern and a gymnosperm, a response that is typical of 

CLV3-like peptide application in Arabidopsis (Strabala et al., 2014; Hirakawa & Bowman, 2015). Interestingly, 

a TDIF encoding gene is also present in the non-vascular plant Marchantia polymorpha, where TDIF peptides 

inhibit proliferation in the notch meristem (Hirakawa et al., 2019). Phylogenetic analysis of CLE peptides 

encoding genes has been proven difficult because of the low phylogenetic signal present in the short 

conserved CLE domain, which is surrounded by non-conserved regions. However, clustering of peptides 

based on similarity of their whole pre-propeptide region correlates with peptide function (Oelkers et al., 

2008; Goad et al., 2017; Zhang et al., 2020). 

CLE peptides are directly perceived by LRR-RLK receptors in the shoot apical meristem 

LEUCINE RICH REPEAT – RECEPTOR LIKE KINASES (LRR-RLK) are one of the largest gene families of plant 

receptors and function in plant growth and development as well as in disease resistance and stress response, 

often by directly interacting with each other and forming extensive networks (Smakowska-Luzan et al., 2018; 

Jose et al., 2020). Multiple LRR-RLK receptors can perceive CLE peptides in the shoot apical meristem (Figure 

1.2), but the first one to be discovered in Arabidopsis was CLV1 (Leyser & Furner, 1992; Clark & Williams, 

1997). CLV1 is able to bind the CLV3 peptide as a dimer and to phosphorylate itself (Ogawa et al., 2008; 

Nimchuk et al., 2011b). The CLV1 family of receptors also includes BARELY ANY MERISTEM (BAM) receptors. 

BAM1/2 are able to bind CLV3 and to form complexes with CLV1 when transiently expressed in tobacco 

(DeYoung et al., 2006; Guo et al., 2010; Guo & Clark, 2010; Shinohara & Matsubayashi, 2015). However, it is 

unclear if the interaction could happen in Arabidopsis, where their expression patterns are different. 

Specifically, CLV1 represses BAM expression in the CZ in wild type plants, but in clv1 mutants BAM genes are 

ectopically expressed in the CZ, partially compensating for the lack of CLV1 signaling (Nimchuk et al., 2015). 

CLV1 likely downregulates WUS and BAM via two distinct signaling outputs (Nimchuk, 2017). 

CLE peptides perception requires the presence of co-receptors 

Additional RLK receptors have been shown to play an important role in the regulation of SAM size. CLV2 is 

made by an LRR region and a transmembrane domain which is used to form a heterodimer with CORYNE 
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(CRN), a RLK (Figure 1.2)(Jeong et al., 1999; Müller et al., 2008; Bleckmann et al., 2010). It is currently unclear 

if CLV2 can bind CLV3 (Guo et al., 2010; Shinohara & Matsubayashi, 2015) and CRN is not able to 

autophosphorylate as it is a pseudokinase (Nimchuk et al., 2011a). However, the CRN phosphorylation site is 

needed for its activity in the SAM, and CLV2/CRN dimers can interact with CLV1 and BAM1/2 (Guo et al., 

2010; Somssich et al., 2016). Thus, CRN could be phosphorylated by another RLK.  After CLV3 binding, CLV1 

and CLV2/CRN receptors form clusters in the plasma membrane, and CLV1 is internalized and sent to the 

vacuole, suggesting that degradation of receptor complexes might buffer excessive signaling (Nimchuk et al., 

2011b; Somssich et al., 2015). Since clv1 and clv2 phenotypes are additive, CLV2/CRN works at least partially 

independently from CLV1, possibly by interacting with BAM receptors (Guo et al., 2010). 

RECEPTOR-LIKE PROTEIN KINASE 2 is another type of LRR-RLK which has been found to down regulate 

meristem size in parallel with CLV1 and CLV2/CRN and is broadly expressed in the SAM (Figure 1.2) (Kinoshita 

et al., 2010). RPK2 does not bind CLV3 in vitro, but it forms homodimers in planta as well as physical 

associations with BAM1 and with CLV1 in presence of CRN (Betsuyaku et al., 2011; Shinohara & 

Matsubayashi, 2015; Shimizu et al., 2015). Thus, it is unlikely that RPK2 directly perceives CLV3 in the SAM, 

but it could transmit BAM and/or CLV1 signal. Another possibility is that RPK2 and CLV2/CRN can sense other 

CLE peptides. CLV3 sensing also requires CLAVATA3 INSENSITIVE RECEPTOR KINASES (CIK), which physically 

associate with CLV1, CLV2/CRN and RPK2 in Arabidopsis. CIKs act as coreceptors and are phosphorylated 

upon CLV3 sensing. Since both SAM and RAM in the quadruple cik1234 mutant are insensitive to CLV3 

application, CIKs are necessary for WUS repression (Hu et al., 2018). Overall, these studies suggest a scenario 

in which CLV1 and BAM receptors directly bind to CLV3 and need the presence of CLV2, RPK2 and/or CIK to 

transmit their signal and regulate SAM size.  
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Figure 1.2) CLAVATA pathway in Arabidopsis meristems. (A) The downstream signaling of the CLAVATA pathway has 

been partially characterized in the SAM and in the cambial meristem of Arabidopsis. (B) Different CLAVATA pathways 

regulate distinct aspects of root development as root apical meristem maintainance and response to low phosphorous, 

protophloem and protoxylem development and the regulation of cell divisions across the root. Only genes cited in the 

text are represented.  

CLAVATA pathway regulates stem cell proliferation in the root apical meristem 

Like the SAM, the root apical meristem (RAM) has a distinct spatial patterning.  The organizing center is called 

the quiescent center (QC) and the stem cell region surrounds it. Cells are displaced distally to generate 

columella stem cells and then columella cells, and proximally to generate the epidermis and lateral root cap, 

the ground tissue (endodermis and cortex), the pericycle and the stele (vascular tissue).  A developmental 

gradient can be observed along the root. Cell division is predominant in the meristematic zone, then gradually 
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ceases in the elongation zone where cells expand. The differentiation zone can be distinguished by the 

formation of root hairs from the epidermis. The distal root tip is constituted by columella cells, which contain 

amyloplasts to sense gravity, and by the root cap which protects the meristematic region. 

Multiple CLV/WUS genetic modules regulate RAM function (Figure 1.2). CLE40 peptide is produced in 

columella cells and is perceived by a complex made of CLV1 and ARABIDOPSIS CRINKLY 4 (ACR4) receptors in 

the columella stem cells. The CLE40/CLV1/ACR4 pathway downregulates the expression of WOX5 in the QC, 

indirectly promoting cell differentiation. Accordingly, roots of clv1 and acr4 mutants show multiple rows of 

columella stem cells (Stahl et al., 2009, 2013; Pi et al., 2015). CLE40 can also repress cytokinin signaling and 

differentially regulates auxin responsive genes, affecting the hormonal balance in the RAM (Pallakies & 

Simon, 2014). A partially independent route for CLE peptides signaling in the RAM could be through BAM1 

and RPK2, which act synergistically to reduce proliferation in the RAM (Shimizu et al., 2015). 

Tissue differentiation in the RAM is also regulated by CLAVATA 

While columella cells are produced distally, all other cell types in the RAM are produced proximally. 

Protophloem cells generated in the meristem keep proliferating until they start differentiating into sieve 

elements. The application of some root active CLE peptides to Arabidopsis roots causes an arrest in 

protophloem differentiation, leading to meristem termination (Hazak et al., 2017). CLE45 acts as an autocrine 

signal to repress premature protophloem differentiation by binding to BAM3 (Figure 1.2) (Depuydt et al., 

2013; Rodriguez-Villalon et al., 2014). Additionally, the CLV2/CRN heterodimer is also needed for stable 

BAM3-mediated CLE45 signalling, and clv2 mutants are resistant to CLV3-like peptide treatments (Fiers et al., 

2005; Hazak et al., 2017). However, in contrast to the SAM, CRN kinase domain is not necessary for CLV2/CRN 

function in the root (Somssich et al., 2016). CLE-RESISTANT RECEPTOR KINASES (CLERK) are also involved in 

CLE signaling in protophloem strands and are likely to act as co-receptors due to their short LRR domain 

(Anne et al., 2018).  

Recently, a role for CLAVATA in the regulation of cell division planes positioning in root development has 

been discovered (Figure 1.2). CLE9/10 code for the same peptide and regulate periclinal cell divisions in 

protoxylem to determine the number of xylem cell files via BAM1 and/or CLV2/CRN (Kondo et al., 2011; Qian 
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et al., 2018). CLE9/10 inhibits protoxylem differentiation by upregulating cytokinin signaling in a WOX-

independent manner (Kondo et al., 2011). At the same time, CLV1 and BAM1-3 receptors collectively regulate 

division plane setting in the ground tissue layer of the developing root, but their ligands are unknown 

(Whitewoods et al., 2018). The lack of RPK1 and RPK2 receptors also affects cell division plane orientation, 

because aberrant cell divisions generate oddly shaped cells across multiple cell files in rpk1rpk2/+ plants, 

together with an increase in WOX5 expression and a reduction in the number of columella cells. This 

phenotype has been linked to reduced expression and polar localization of PIN1, which leads to the loss of 

the auxin maxima needed for correct RAM development (Racolta et al., 2018). Interestingly, CLE26 treatment 

also reduces PIN1 protein abundance and the DR5 maxima present in the RAM. CLE26 inhibits root growth 

while increasing lateral root initiation, but has no effect on cell division planes, suggesting that CLE26 could 

partially act through RPK1 and RPK2 receptors together with other peptides (Czyzewicz et al., 2015). Thus, 

CLAVATA signaling could regulate cell division plane orientations in the root by interacting with hormone 

signaling.  

Root hairs develop from epidermal cells in the differentiation zone and CLE9/10 as well as CLE14 application 

increases the number of root hairs (Hayashi et al., 2018; Qian et al., 2018). CLE14 expression in the internal 

tissues of the root is triggered by phosphorus deficiency and causes downregulation of PIN transporters. 

CLE14 is perceived by another RLK, PEP1 RECEPTOR 2, together with CLV2, and leads to meristem termination 

(Gutiérrez-Alanís et al., 2017). CLE peptides can also regulate root development in response to other 

environmental signals. As an example, low nitrogen and sulphate modify CLE expression to reduce lateral 

root production (Araya et al., 2014a,b; Dong et al., 2019).  

TDIF-like peptides and their receptors regulate cambial meristem activity 

In extant Tracheophytes, vascular strands are made by different configurations of xylem and phloem. Xylem 

cells (tracheids) transport water and ions, while phloem cells (sieve elements) transport nutrients (Spencer 

et al., 2020). In between these two tissues there can be a procambial meristem, which produce xylem cells 

towards the center of the stem and phloem cells towards the outside, thus generating secondary growth. As 

previously detailed, TDIF-like peptides repress xylem formation and promote cell proliferation in the cambial 
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meristem (Ito et al., 2006). In Arabidopsis, the same TDIF-like peptide is encoded by CLE41 and CLE44 genes 

which are expressed in the phloem, while a similar peptide is produced by CLE42. TDIF peptides are perceived 

by the LRR-RLK receptor PHLOEM INTERCALATED WITH XYLEM (PXY) which is present in the procambium 

(Figure 1.2). Interestingly, the presence of TDIF peptides is as important as the source position, because the 

TDIF gradient is used to pattern the cell division planes in the cambium (Hirakawa et al., 2008; Etchells & 

Turner, 2010). The crystal structure of the TDIF/PXY complex has been resolved. The extracellular LRR region 

of TDR is shaped as a twisted superhelix and binds the TDIF peptide in its concave surface. The TDR amino 

acids that are involved in the interaction with the peptide are mostly conserved with other CLE receptors like 

CLV1 and BAM (Zhang et al., 2016a; Morita et al., 2016; Li et al., 2017a). Binding of TDIF to PXY is facilitated 

by members of the SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK) family, which function as a 

coreceptors (Zhang et al., 2016b). 

TDIF/PXY signal transmission is well characterized  

The TDIF/PXY signaling module operates on two genetically distinct pathways to regulate cell proliferation 

and differentiation in the cambium (Figure 1.2). In contrast to roles for CLV3/CLV1 in the SAM, TDIF/PXY 

promote stem cell proliferation in the cambial meristem by upregulating WOX4 and WOX14 transcription 

(Hirakawa et al., 2010; Etchells et al., 2013). To regulate cell proliferation in the cambial meristem, PXY 

physically interacts with BIN2-LIKE 1 (BIL1), a member of the GLYCOGEN SYNTHASE KINASE 3 (GSK3) family. 

When activated, BIL1 phosphorylates the ARF transcription factor MONOPTEROS, making it resistant to its 

repressor. MONOPTEROS then upregulates the transcription of inhibitory ARR, which downregulates 

cytokinin response. Thus, PXY represses part of the auxin response via BIL1 to promote cytokinin-dependent 

stem cell proliferation in the vasculature. Since cytokinin promotes WOX gene activities, WOX4 expression 

could be regulated through this pathway (Han et al., 2018). Interestingly, the CLV3-like peptide CLE6 can act 

together with CLE41/TDIF to activate auxin transport and perception to promote cambial meristem 

proliferation (Whitford et al., 2008). However, the mechanism of this synergic action is unknown.  

Xylem differentiation is not affected in wox4wox14 mutants and is therefore regulated by TDIF/PXY via a 

WOX-independent pathway (Hirakawa et al., 2010; Etchells et al., 2013). PXY can physically interact with 
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BRASSINOSTEROID INSENSITIVE 2 (BIN2), another member of the GSK3 family, to promote its kinase function. 

BIN2 can then repress two transcription factors involved in brassinosteroid signaling. Because 

brassinosteroids promote xylem differentiation, in this way PXY can suppress cell differentiation (Kondo et 

al., 2014). BIN2 also interacts with auxin signaling by phosphorylating ARF7 and ARF19 to prevent their 

degradation (Cho et al., 2014). Additionally, PXY is part of a vast transcriptional regulatory network for the 

regulation of vascular development, which also involves other stem cell regulation genes like ERECTA and 

HD-ZIP (Etchells et al., 2013; Smit et al., 2020). 

Downstream components of CLV3-like peptides signaling  

Multiple genes involved in the downstream signaling pathway from CLAVATA have been found, but their 

interactions are not well resolved (Figure 1.2). Binding of CLV3 causes phosphorylation of CLV1 and is 

facilitated by the presence of CLV2/CRN and RPK2 in the SAM (Betsuyaku et al., 2011). Phosphorylated CLV1 

can form complexes with a KINASE-ASSOCIATED PROTEIN PHOSPHATASE (KAPP) and with a Rho-GTPase 

related protein (Trotochaud et al., 1999). While KAPP negatively regulates CLV1-mediated signaling, Rho-

GTPases regulate cell polarity and can activate MITOGEN-ACTIVATED PROTEIN KINASES (MAPK) pathways 

(Stone et al., 1998; Feiguelman et al., 2018). CLV1, CLV2/CRN and RPK2 signaling regulates the activation of 

MAPK6 (Betsuyaku et al., 2011), and both MAPK6 and MAPK3 are needed for CLV3-dependent SAM 

termination in Arabidopsis (Lee et al., 2019). However, the direct or indirect links between these signaling 

pathway components have not yet been determined. Since MAPK3 and MAPK6 have also been involved in 

other signaling pathways, CLAVATA might share some of its effectors with other pathways (Lee et al., 2019). 

The membrane-anchored protein phosphatases 2C POLTERGEIST (POL) and POLTERGEIST-LIKE1 (PLL1) form 

a link between CLAVATA signaling and WUS. Mutations in POL and PLL1 suppress clv phenotypes, and the 

maintenance of WUS expression in the SAM is dependent on POL and PLL1 expression. Therefore, CLAVATA 

downregulates POL and PLL1 to restrict WUS expression (Song et al., 2006).   

Another protein family which has been repeatedly involved in CLAVATA signaling comprises heterotrimeric 

G proteins. The three subunits (Gα, Gβ and Gγ), are activated by a transmembrane protein upon signal 

perception, detach, and start signal transduction. In Arabidopsis, the Gβ subunit AGB1 physically associates 
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with RPK2 and is needed for normal CLV3 signaling (Ishida et al., 2014). However, in maize it is the Gα subunit 

that functions downstream CLV3 signaling (Bommert et al., 2013). This suggests that the involvement of 

heterotrimeric G proteins in CLAVATA pathway signal transduction is conserved in angiosperms, but the exact 

mechanisms of signal transduction are variable.  

In the regulation of protophloem formation in roots, CLE45 treatment causes accumulation of the 

MEMBRANE-ASSOCIATED KINASE REGULATOR 5 (MAKR5) independently from transcription (Figure 1.2). 

CLE45 is usually perceived by the BAM3 receptor, but there is no direct interaction between BAM3 and 

MAKR5. Because proteins closely related to MAKR5 function in brassinosteroid signaling, and PXY can also 

influence brassinosteroid signaling, this finding suggests that the role of both CLV3-like and TDIF-like peptides 

in vascular development is closely intertwined with brassinosteroids (Kang & Hardtke, 2016). Overall, several 

lines of evidence indicate that CLAVATA downstream signaling is based on phosphorylation, and that its 

components might be shared with other signaling pathways. 

WUSCHEL regulates hormone balance in Angiosperm shoot apical meristem 

As previously described, CLAVATA can regulate hormone dynamics independently of WOX genes in the root 

and cambial meristem. The most well-known target of CLAVATA in flowering plant SAMs is WUS, which 

regulates transcription of a variety of meristematic genes and balances hormone dynamics (Figure 1.2). To 

create an environment which promotes stem cell proliferation, WUS represses the negative regulators of 

cytokinin response ARABIDOPSIS RESPONSE REGULATORS (ARR), therefore promoting cytokinin response, 

which in turn promotes WUS transcription forming a feed forward loop (Leibfried et al., 2005; Gordon et al., 

2009). At the same time, WUS suppresses differentiation by maintaining a low level of auxin response via 

chromatin modification (Ma et al., 2019). ARR7 and ARR15 integrate cytokinin and auxin signaling in the SAM 

and link it to the CLV/WUS loop. While cytokinin promotes ARR7 and ARR15 transcription, auxin represses it. 

ARR7/15 then promote CLV3 and repress WUS and act in turn repressed by WUS (Zhao et al., 2010). 

Therefore, cytokinin and auxin signaling are upstream of CLV3, as well as downstream of WUS in Arabidopsis 

SAMs, and CLAVATA regulates hormonal homeostasis via WUS.  
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The CLV/WUS feedback loop likely evolved after the split between Tracheophytes and Bryophytes 

The WOX gene family can be divided into ancient T1, and more recently derived T2 and T3 clades (Wu et al., 

2019). WUS belongs to the T3 WOX clade, which originated in Lycophytes. Members of the ancient T1 clade 

are present in all land plants and all members of the WOX family contain auxin and cytokinin response 

elements in their promoters (Wu et al., 2019). However, the DNA binding sites of ancient T1 and modern 

WOX T2 and T3 transcription factors are functionally divergent, and T2 and T3 WOX genes contain the WUS 

transcriptional repression domain, which is absent in T1 WOXes   (Lin et al., 2013; Segatto et al., 2016). 

Additional evidence suggests that T1 WOX genes do not function in meristem maintenance in non-vascular 

plants (Sakakibara et al., 2014; Hirakawa et al., 2020). In contrast, all land plants contain at least one CLE 

peptide-encoding gene and one LRR-RLK receptor from the CLV family, suggesting that CLAVATA function 

might have originated before the separation between Tracheophytes and Bryophytes, without a requirement 

for WUS-like function (Whitewoods et al., 2018).  However, roles for CLAVATA have scarcely been studied 

outside seed plants (Whitewoods et al., 2018; Hirakawa et al., 2019, 2020). 

The moss Physcomitrium patens is a useful model species for evo-devo studies 

Physcomitrium patens has been extensively used as a model moss species to study non-vascular plant 

development. Its main advantages are found in the availability of genomic and transcriptomic resources, a 

highly efficient gene targeting transformation technique and a relatively simple body plan, which allows non-

destructive in vivo observation of development (Prigge & Bezanilla, 2010). In addition, the life cycle of P. 

patens offers a variety of tissues which arise from single, accessible stem cells outside a multicellular tissue 

context. Their activity and regulation can be studied to explore stem cell evolution by comparing regulatory 

networks (Kofuji & Hasebe, 2014). The gametophyte phase of the P. patens life cycle starts with the 

germination of a haploid spore, which produces tip-growing filaments to form a two-dimensional mat of 

tissue (protonema). Buds can develop from the filaments and produce shoots (gametophores), which are the 

three-dimensional growth phase. Reproductive organs (gametangia) containing gametes form at the 
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gametophore tip, and sperm cells are released to fertilize egg cells. The diploid sporophyte embryo develops 

a short stalk and a capsule, where spores are produced by meiosis. 

Aims of this thesis 

Current knowledge about CLAVATA function is vast, but nearly exclusively based on Angiosperm models. 

Because CLAVATA regulates fruit size, genetic interventions manipulating CLAVATA function can increase 

yields in various crops, and modifications in CLAVATA pathway genes have been selected during 

domestication (Fletcher, 2018). However, an understanding of roles for CLAVATA outside angiosperms is 

lacking. Due to the central role for CLAVATA in Angiosperm meristems, the study of its components in non-

seed plants has the potential to shed light on the evolution of multicellular meristems and stem cell 

regulation in land plants in general. In this thesis I aim to address this topic by studying the roles of CLAVATA 

in the Bryophyte model moss P. patens. This project was started by Christopher Whitewoods, who studied 

the roles of CLAVATA in P. patens 3D growth. The work presented in Chapter 2 and Appendix I, completed 

his project by analyzing CLAVATA gene expression patterns and functions in shoot development, and 

established the mutant lines needed for the following steps (Appendix II). Chapter 3 describes a newly 

identified role for CLAVATA in protonemal apical growth, focusing on its effects on cell identity. Chapter 4 

uses the cell identity phenotype described in Chapter 3 to understand the interaction between CLAVATA and 

cytokinin and auxin. Finally, Chapter 5 outlines possible roles of CLAVATA in developmental transitions that 

lead to shoot development, leaf growth and sexual reproduction, which I hope will lead to future studies. 

Overall, my aim is to demonstrate that in P. patens, as in Angiosperms, CLAVATA regulates all stages of 

development. 
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CHAPTER 2 

CLAVATA pathway regulates 3D shoot growth in P. patens 

 

ABSTRACT 

Shoot apical meristems in Angiosperms are present in the sporophytic generation, and comprise a group of 

stem cells, whose number is regulated by CLAVATA genes. In the moss Physcomitrium patens, shoots 

(gametophores) develop in the gametophytic stage of the life cycle by the activity of a single apical stem cell. 

Here I show that CLAVATA genes are expressed in P. patens gametophores, where they regulate the activity 

of the apical meristem and they repress ectopic stem cell identity and/or proliferation at the gametophore 

base. Therefore, CLAVATA genes are conserved regulators of stem cell function and shoot development in 

land plants. 
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INTRODUCTION 

Gametophore development in P. patens depends on the activity of an apical stem cell 

One key innovation that enabled plants to conquer land was the acquisition of three-dimensional growth  

(Harrison, 2017). In moss life cycles, a portion of the new cells arising from filaments become buds and shift 

their division planes to create a 3D structure, in which a tetrahedral apical cell is established. The apical cell 

then undergoes asymmetric divisions in a spiral pattern to generate leaf initials, which each generate a leaf 

and a portion of the stem. In this way the apical cell acts as a unicellular meristem to build the gametophore 

(Harrison et al., 2009).  

Apical cell activity is hormonally regulated 

The gametophore apical cell is an auxin source but has low levels of auxin perception (Landberg et al., 2021). 

Apical cell function can be disrupted by auxin treatment and/or auxin transport inhibitors, suggesting that 

low auxin levels in the apical cell are maintained by auxin efflux (Bennett et al., 2014b). The axillary hairs 

present around the apex act as a possible auxin source (Eklund et al., 2010b). After the gametophore attains 

a certain size, new apical cells can arise by re-specification of epidermal cells in leaf axils, and these generate 

lateral branches. Branch initiation is hormonally regulated, and while low auxin levels are required to produce 

new branches, high cytokinin levels promote branch formation, possibly by regulating sensitivity to auxin. At 

the same time, strigolactone locally represses branch formation at the gametophore base (Coudert et al., 

2015). The gametophore base is also a preferred site of production for anchoring rhizoids, which develop 

from the gametophore epidermis in an auxin-dependent manner (Jang et al., 2011). 

Genes necessary for angiosperm shoot apical meristem activity do not regulate gametophore 

apical cell in P. patens 

Several gene families that regulate multicellular sporophytic meristem activity in flowering plants are not 

required for gametophore apical cell activity in moss. In P. patens, PpWOX13-like genes belonging to the 

same family as WUS are ubiquitously expressed and involved in stem cell initiation during regeneration as 
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well as zygote development, but not in the maintenance of the gametophore apical meristem (Sakakibara et 

al., 2014). Whilst KNOX genes do not have a role in gametophore development (Sakakibara et al., 2008, 2013; 

Coudert et al., 2019b), HD-ZIP III genes are expressed in gametophores, but not in the apical cell, and they 

regulate leaf and gametangia development (Yip et al., 2016). PpLFY is expressed in the region surrounding 

the gametophore apical cell, however the only mutant phenotypes reported indicate a role in egg and/or 

sporophyte development (Tanahashi et al., 2005). These studies highlight a substantial divergence in the 

regulatory networks between gametophytic and sporophytic meristems, raising the possibility that 

multicellular meristems evolved completely de novo in the sporophytic generation, without co-opting any 

genes involved in the regulation of the gametophytic apical cell.   

CLAVATA pathway regulate stem cell development across land plants 

Roles for the CLAVATA pathway in non-vascular plants were not studied until recently. Dr Chris Whitewoods 

and Joe Cammarata started a project on P. patens CLAVATA function before I joined Dr Harrison’s lab. They 

discovered 7 CLE peptides and 3 CLV/RPK2 receptors encoded by the P. patens genome, and at least one 

peptide- and one receptor-encoding gene in each land plant genome analyzed, while no CLAVATA genes 

could be found in charophyte algae, hence determining that the CLAVATA pathway is land plant specific 

(Whitewoods et al., 2018). Clavata mutant lines were generated and showed disruption of cell division plane 

orientations in buds, pointing at a role for CLAVATA in the regulation of cell division planes. This role was 

found to be conserved in Arabidopsis roots by collaboration with Dr Zachary Nimchuk (University of North 

Carolina). P. patens gametophore development is also impaired in mutants, due to the proliferation of 

ectopic meristems. The application of CLE peptides from both P. patens and Arabidopsis can be sensed by P. 

patens through the conserved CLAVATA receptor PpRPK2 and leads to shorter gametophores and reduced 

cell proliferation in leaves. Conversely, CLE peptides from P. patens can be sensed by Arabidopsis through an 

orthologous receptor (RPK2). These experiments uncovered a new role for the CLAVATA pathway in 

orientating cell division planes during 3D growth, while demonstrating that well documented roles in stem 

cell regulation are conserved amongst land plants. Therefore, CLAVATA genes are between the first known 

regulators of gametophytic meristems together with auxin efflux carriers (PpPINs) (Bennett et al., 2014b).  
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Aims of the chapter 

In this chapter I present expression data from promoter::GUS fusion lines for three peptide- and three 

receptor-encoding genes together with  the mutant phenotypes of six clavata mutant lines to examine the 

role of CLAVATA pathway in gametophore development. These data were collected to complete a first 

manuscript on the role of CLAVATA pathway in P. patens (Whitewoods et al., 2018) (Appendix I). 

Subsequently, my further phenotypic analyses revealed some inconsistencies between mutant lines leading 

to investigations of the published work, and a paper correction (Whitewoods et al., 2020) (Appendix II). 

Because of the collaborative nature of the project, some of the data presented were collected by other 

people. Contributions by others are recognized in figure legends.  

There are nine CLE peptide-encoding genes in P. patens, coding for four different 12 aa motifs (Table 2.1). 

PpCLE1, PpCLE2 and PpCLE7 were selected for the initial expression analyses as they were found to be most 

strongly expressed in the gametophore by RT-PCR (Whitewoods et al., 2018). The remaining six genes either 

showed no expression in gametophores (PpCLE3, PpCLE4, PpCLE5 and PpCLE6) or were not found in the V 1.6 

genome (PpCLE8 and PpCLE9, Goad et al. 2017), so promoter-fusion lines were not initially generated. Later, 

a complete expression profile was generated for all PpCLEs as detailed in Chapter 5. 

 

Gene names Encoded peptide 

PpCLE1, PpCLE2, PpCLE3, PpCLE8, PpCLE9 RMVPTGPNPLHN 

PpCLE4 RMVPSGPNPLHN 

PpCLE5, PpCLE6 RLVPTGPNPLHN 

PpCLE7 RVVPTGPNPLHN 

Table 2.1) Peptide sequences encoded by each of the nine PpCLE genes in P.patens.  

  



44 
 

METHODS  

Plant growth conditions 

For routine asexual propagation, P. patens lines were inoculated on BCDAT media (1 mM Magnesium 

sulphate (MgSO4), 3.67 mM monopotassium phosphate (KH2PO4), 10 mM potassium nitrate (KNO3), 45 µM 

iron sulphate (FeSO4), 5 mM ammonium tartrate dibasic ((NH4)2C4H4O6), 0.5 mM CaCl2, 1:1000 dilution of Trace 

Elements Solution (Table 2.2), 0.5% Agar; autoclaved before use) and grown in a growth cabinet (Sanyo MLR-

351) at 23°C in continuous light conditions. Stocks were grown on BCDAT media in 5 cm deep Petri dishes 

(Fisher Scientific UK, Cat n. 10655821) in continuous light and then transferred to a growth cabinet with short 

day conditions (16°C, 8h light/16h dark) and sealed with Parafilm. Plants used for phenotyping were grown 

in long day conditions (22°C, 16h light/8h dark, 140-160 µmol m-2 s-1) in a Reftech walk in chamber unless 

otherwise stated. Protonemal cultures for DNA extraction were obtained by homogenizing whole colonies in 

water using a tissue homogenizer (Ultra-Turrax T10, Cat n. 89409-874) and growing the tissue in continuous 

light in 9cm Petri dishes (Alpha Laboratories Ltd, Cat n. RC2260) containing BCDAT media overlaid with 325P 

cellulose discs (AA Packaging Limited). 

All plates were sealed with Micropore tape (Scientific Laboratories Supplies, Cat n. 4702). 

H3BO3 (boric acid)     614 mg 

AlK(SO4)2.12H2O (aluminium potassium sulphate 12-hydrate) 55 mg 

CuSO4.5H2O (cupric sulphate 5-hydrate)  55 mg 

KBr (potassium bromide)    28 mg 

LiCl (lithium chloride)     28 mg 

MnCl2.4H2O (manganese chloride 4-hydrate)  389 mg 

CoCl2.6H2O (cobalt chloride)    55 mg 

ZnSO4.7H2O (zinc sulphate 7-hydrate)   55 mg 

KI (potassium iodide)    28 mg 

SnCl2.2H2O   28 mg 

dH2O       to 50 ml 

Table 2.2) Composition of 50 ml of Trace Elements Solution 
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Lines used 

The wild-type strain used in my work was P. patens Gransden 2004. The majority of mutant lines used in this 

study were generated by other people in Dr Harrison’s laboratory or by collaborators. The clavata mutant 

lines that I used were generated by Chris Whitewoods and Joe Cammarata (Whitewoods et al., 2018). To 

knock down the expression of CLE peptide-encoding genes, artificial micro-RNAs against PpCLE1-3 and 

PpCLE4-7 were expressed under the control of the constitutive maize UBIQUITIN promoter in PpcleAmiR1-3 

and PpcleAmiR4-7 mutant lines (Whitewoods et al., 2018). Pprpk2 knockouts were generated by targeted 

replacement of PpRPK2 with a Hygromycin resistance cassette, and Ppclv1a, Ppclv1b and Ppclv1a1b mutants 

were produced by CRISPR-Cas9 gene editing (Lopez-Obando et al., 2016). Ppclv1a1brpk2 triple mutants were 

generated by Joe Cammarata by CRISPR-Cas9 editing PpRPK2 in a Ppclv1a1b line 8 background. Plants were 

transformed with a CRISPR-Cas9 construct (pACT::Cas9) and an pENT:U6 construct driving the expression of  

a sgRNA (GGGTTTGAGCGACGATGGCC) (unpublished data). 

Promoter::NGG lines used in expression analyses were generated by Dr Xiao Wang (PpCLV1a::NGG) or Dr 

Yasuko Kamisugi and Dr Andrew Cuming (Leeds Moss Transformation Service, all other lines). These contain 

promoter fragments driving the expression of a nuclear localised GUSGFP fusion protein (NGG). 

PpCLE1::NGG, PpCLE2::NGG, PpCLE7::NGG, PpCLV1a::NGG, PpCLV1b::NGG and PpRPK2::NGG lines were 

published in Whitewoods et al. (2018).  

Gametophore height 

To measure gametophore height, gametophores were dissected out of 28-day old plants and imaged with a 

Keyence VHX-1000 microscope using a 50 x to 100 x magnification. The length of the gametophore axis was 

calculated using the segmented line tool in FIJI. Gametophore height data was analyzed with RStudio by One-

way ANOVA followed by Tukey test.  
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GUS staining 

P. patens plants were grown on standard BCDAT media with 0.5 % agar at 23 ˚C in continuous light for three 

weeks. Plants were excised from the gel matrix, immersed in fresh GUS Staining Solution (100mM Phosphate 

buffer (pH 7), 10mM Tris-HCl buffer (pH 8), 1mM Ethylenediaminetetraacetic acid (EDTA), 0.05% Triton X-

100) with the addition of 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide and 1 mg/ml X-

Gluc (5-Bromo-4-chloro-3-indolyl-ß-D-glucuronic acid, (Cas n. 18656-96-7) dissolved in 10 % (v/v) DMSO). 

Samples were incubated at 37 ̊ C. The duration of standard incubations varied between the different reporter 

lines and the staining times used for each experiment are detailed in the relevant results sections. When lines 

were overstained, incubations were 3 times longer and FeCN concentration was increased to 2 mM to 

increase specificity. Reactions were stopped by removing the GUS Staining Solution and adding 100 % ethanol 

for 10 minutes. Chlorophyll was removed by washing samples with 70 % ethanol until all tissues were 

bleached. For long term storage of stained samples, a 50 % glycerol : 50 % ethanol solution was used. Stained 

samples were imaged using a Keyence VHX-1000 digital microscope with a 20 x magnification (whole plants) 

or a 50 x to 100 x magnification (gametophores). 

DNA extraction  

Protonemal tissue was used for DNA extractions. Excess water was removed by blotting tissue on Whatman 

paper and 20-50 mg aliquots were snap frozen in liquid nitrogen. The tissue was removed from liquid nitrogen 

and ground to powder in 1.5 mL Eppendorf tubes. 700 µL of warm (65 °C) DNA Extraction Buffer (100 mM 

Tris-HCl buffer (pH 8), 1.42 M NaCl, 2 % Cetyltrimethylammoniumbromide (CTAB), 20 mM EDTA, 2 % 

Polyvinylpyrrolidone-40 (PVP-40)) were added and samples were incubated at 65 °C for 10 minutes with 7 µL 

of 10 mg/mL RNAseA. An equal volume of chloroform–isoamyl alcohol (24:1) was added to extraction mixes 

and tubes were closed and shaken vigorously, prior to centrifugation at maximum speed in a bench top 

centrifuge. The aqueous phase was transferred to a new tube containing 1.7 volumes of isopropanol, mixed 

and centrifuged at maximum speed. The supernatant was discarded and the resulting pellet was washed with 
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1 ml of 70% ethanol and resuspended in 30 µl milliQ water. The concentration of DNA yielded was quantified 

by Nanophotometer (IMPLEN) and DNA quality was checked by gel electrophoresis. 

Electrophoresis conditions 

To visualize DNA, samples were loaded on 1-2.5 % agarose gels containing 0.0005 % (v/v) Midori Green 

Advance (Nippon Genetics, MG04) and run in 1 x Tris-Acetate EDTA (TAE) buffer. Electrophoresis was 

performed at 90 V for 30 minutes if not otherwise stated. RNA was visualized under the same conditions 

except that 0.5 % Sodium Hypochlorite was added to the gel just before pouring (Aranda et al., 2012) 

DNA sequencing 

Whole PpCLV1a and PpCLV1b loci were amplified by Polymerase Chain Reaction (PCR) using Q5 High-Fidelity 

DNA Polymerase (New England Biolabs, Cat n. M0491) with primers CLV1Alocus_forward_1 + 

CLV1Alocus_reverse_9 and CLV1Blocus_forward_1 + CLV1Blocus_reverse_8 (bold in Table 2.4).  PCR 

products were purified with a QIAquick PCR Purification Kit (Qiagen, Cat n. 28104) and Sanger sequenced 

using the Eurofins genomics TubeSeq service and primers in Table 2.4. All primers were designed using the 

Sequencing Primer Design Tool (Eurofins Genomics) and synthetized as Custom DNA Oligos by Eurofins 

Genomics. Preliminary sequencing of Ppclv1a and Ppclv1b lines was carried out using primers listed in Table 

2.3. Sequencing traces were checked with Chromas Lite software and sequences were aligned to the P. 

patens wild-type V1.6 genome using BioEdit software. 

Name Sequence Source 

PpCLV1a sgRNA targets fwd (exon 4)  AACGGCTCAATTCCTCCAGA Whitewoods et al., 2018 

PpCLV1a sgRNA targets rev (exon 5)  TTAGACACTCCACCCTTGCG Whitewoods et al., 2018 

PpCLV1b sgRNA target fwd  TGGAGAGACGCAACTTCCAT Whitewoods et al., 2018 

PpCLV1b sgRNA target rev  TTAAGACGCCCCAAATCAGC Whitewoods et al., 2018 

rpk2_screen_FW GAGTTAGGGGAGATGACGCG Whitewoods et al., 2018 

rpk2_screen_RV CTTGGAGGACTCACCAACCC Whitewoods et al., 2018 

PpCLV1a_sgRNAtarget_FW2 CCACCGCAGATCTGTGACAT This study 

PpCLV1a_sgRNAtarget_RV2 GTTCGGGTGTACCTGTGGAG This study 
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PpCLV1b_sgRNAtarget_FW2 CGAGCAGGTTGATCATTGCG This study 

PpCLV1b_sgRNAtarget_RV2 GTCCGGTAAGTGAGTTGCCA This study 

Table 2.3) Primers used in preliminary screening. PpCLV1a_sgRNAtarget_FW2 + PpCLV1A sgRNA targets rev (exon 5) 

were used with 59 °C annealing and 1 min elongation; PpCLV1b_sgRNAtarget_FW2 and PpCLV1b_sgRNAtarget_RV2 

were used with 62 °C annealing and 1 min 10 sec elongation. 

 

Primer name Sequence 

CLV1Alocus_forward_1 TGAGCCTGATTGAATCTTAACG 

CLV1Alocus_forward_2 AACTCGCTCTCAATGGGCCTCTTC 

CLV1Alocus_forward_3 ATCAATCGAATATGTCGTTCCG 

CLV1Alocus_forward_4 ATTCCCAGGCTGAGATGAATG 

CLV1Alocus_forward_5 ATAGGACCAGAGAGGTTGTTG 

CLV1Alocus_forward_6 GATTATCCTGGATCTCTACCATTG 

CLV1Alocus_forward_7 CGAGATGATTGTTCATCAAGCTC 

CLV1Alocus_forward_8 TCCTCCCAGACTTACGTGTTC 

CLV1Alocus_reverse_1 AAAGATGGAGTGCTGGACTTG 

CLV1Alocus_reverse_2 AATCCAGGCTGCACATGGTCTTTG 

CLV1Alocus_reverse_3 GGTACTTGACTGCTTGGACG 

CLV1Alocus_reverse_4 CCGCAATGATGGTGCTCCTTGTAG 

CLV1Alocus_reverse_5 ATGAGCGGGAACAATTTATCAG 

CLV1Alocus_reverse_6 ATCCTCTGAATCCAATGCCG 

CLV1Alocus_reverse_7 CTGGTTGGAGCAATCCCACATGAG 

CLV1Alocus_reverse_8 GATAACTTGTCTGAAGCCCATC 

CLV1Alocus_reverse_9 GGCCGAAGTGAGGTACATATTTAG 

CLV1Blocus_forward_1 CTGAGTGAGAAGAGTGACACATC 

CLV1Blocus_forward_2 ACGTCGAGTCTCTACGCAAC 

CLV1Blocus_forward_3 CCCTTTATACACAGTTCCAGC 

CLV1Blocus_forward_4 GTATGAGAAGTCGAATACGTTGAG 

CLV1Blocus_forward_5 GATCGACCCATTCAGAAGATTG 

CLV1Blocus_forward_6 TGCAGGAACATGGAGTCGAGATTG 

CLV1Blocus_forward_7 CGTGTGCATTACTTCCTGTGTTG 

CLV1Blocus_forward_8 TCTTCACCATTCTTGCTTCTG 

CLV1Blocus_forward_9 TGTTACTGCGAAGTGTGCTA 
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CLV1Blocus_reverse_1 TTAGGGTGGTGCATGAACTGCTTG 

CLV1Blocus_reverse_2 CGGATTCTCAGCAGAGATTCAAAC 

CLV1Blocus_reverse_3 AATAACCTCTCAGGACCAATTCC 

CLV1Blocus_reverse_4 CGTTGGGTTTGCTTGGCTTG 

CLV1Blocus_reverse_5 ATGAACTCGTAGGTGTCATCCC 

CLV1Blocus_reverse_6 CAGGAAGTAATGCACACGCC 

CLV1Blocus_reverse_7 ACGCAACTTCCATATAGTCTCTGC 

CLV1Blocus_reverse_7a GGAGAGACGCAACTTCCATATAG 

CLV1Blocus_reverse_8 AAACTCAATCGTCGCAGTGC 

CLV1Blocus_reverse_8a TTTGTTGTGGGAGGACTGGAAGC 

CLV1Blocus_reverse_9 CAGTTTTTGAGAGCTTGCGA 

Table 2.4) Primers used in whole gene sequencing. Primers in bold were used to amplify gene locus, other primers were 

used for sequencing 

Genome walking 

Genome walking was performed by adapting a protocol based on (Siebert et al., 1995). 7-day old 

protonemata were harvested and frozen in 250-350 mg packets. DNA extraction was performed as stated 

previously, but scaled up to 3 ml.  A Phenol-Chloroform-Isoamyl alcohol (24:24:1) extraction step was also 

included prior to chloroform-isoamyl alcohol (24:1) extraction. DNA was resuspended in a final volume of 50 

µl milliQ water. DNA quality was checked by gel electrophoresis and samples containing degraded DNA were 

discarded. 1 µg of genomic DNA was digested to completion with three blunt-end 6 bp cutter enzymes (PvuII, 

HpaI and EcoRV, NEB), and cleaned using Zymoclean Gel DNA Recovery kit columns (Zymoresearch, Cat n. 

D4001). Genome walking adaptors were produced by mixing 20 µl of 50 mM GenomeWalkerAdaptor1 and 

20 µl 50 mM GenomeWalkerAdaptor2. The adaptors were then heated at 100 °C for two minutes and left to 

cool at room temperature to anneal. To generate genome walking libraries, 0.5 µg of digested DNA was 

ligated with 2.4 µl of 25 mM adaptors using T4 DNA ligase (Promega) according to manufacturer’s 

instructions. Nested touchdown PCR mixes were prepared using Q5 polymerase (NEB) and primers AP1 + 

GSP1a/1b for the first round of PCR and primers AP2 and GSP2a/b for the second round (Table 2.5). Cycling 

conditions were as follows:  
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Round 1 PCR: 98 ˚C for 30 s, (98 ˚C for 10 s, 72 ˚C for 3 min 30 s) x 7, (98 ˚C for 10 s, 70 ˚C for 3 min 30 s) x 32, 

70 ˚C for 5 min; 

Round 2 PCR: 98 ˚C for 30 s, (98 ˚C for 10 s, 72 ˚C for 3 min 30 s) x 5, (98 ˚C for 10 s, 70 ˚C  for 3 min 30 s) x 

20, 70 ˚C for 5 min. 

1:50 dilution of the first PCR product was used as template for the second PCR. When a single PCR amplicon 

was present after the second round PCR, it was purified and sequenced as detailed above. 

Name Sequence 

GenomeWalkerAdaptor1 GTAATACGACTCACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGT 

GenomeWalkerAdaptor2 ACCAGCCC (With 5’ phosphate and 3’ ammino) 

GenomeWalkerAP1 GTAATACGACTCACTATAGGGC 

GenomeWalkerAP2 ACTATAGGGCACGCGTGGT 

GSP1a CAGGAGGAATTGGTCCGGTAAGTGAGTT 

GSP1b CGCCTGGTGAGATATGGGCAAATGAACA 

GSP2a CCGGAAGTGATCCTGAGAAATCGTTGTT 

GSP2b GCTGGGAAAGATCCATACTGAGAAGGAAT 

pGSP1a GGCCGTTTCCTCGTGTATGATAGCTGTTA 

pGSP1b CTGGTGCGGTGATTAGCAAAGGTTTCA 

pGSP2a GGTTGGGTCGAGGAAGATTCACTTTTAGAA 

pGSP2b CGCAGTAACACATGATTTCTTACACAGACTT 

CaMV_FW CGCTGAAATCACCAGTCTCT 

CaMV_RV1 GGGTTTCTTATATGCTCAACACAT 

Table 2.5) Oligonucleotides used for genome walking and CaMV terminator amplification.  

PCR on CaMV terminator 

PCR reaction on CaMV terminator was performed using Q5 DNA polymerase according to manufacturer’s 

instructions with genomic DNA from wild-type, Ppclv1b line 2 and PpCLE6::NGG line 2-2 as a template (30 

cycles). The P .patens UBIQUITIN gene was amplified from the same samples and used as loading control 

(primers sequences in Chapter 4, Table 4.1). All primers sequences can be found in Table 2.5.   
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RESULTS 

CLAVATA genes are expressed in both 2D and 3D tissues in P. patens gametophytes  

To investigate the expression patterns of CLAVATA genes, six lines in which 1.4-2.8 kb of the promotor region 

of PpCLE1, PpCLE2, PpCLE7, PpCLV1a, PpCLV1b or PpRPK2 drives the expression of a nuclear localized GFPGUS 

fusion protein (promoter::NGG lines) were generated by colleagues. PpCLE1, PpCLE2 and PpCLE7 were 

selected from the 9 CLE peptide-encoding genes present in the P. patens genome because preliminary data 

suggested that they were highly expressed in gametophores (Whitewoods et al., 2018). 

Prior to extensive analysis of expression patterns, I verified that three promotor-fusion lines containing the 

same promoter::NGG construct showed similar patterns (Figure 2.1,  Figure 2.2) by staining 21-day old 

colonies grown in continuous light using standard staining conditions (0.5 mM FeCN for 2.5 to 7 h). This 

showed expression in protonemata and gametophores for all the lines tested (Figure 2.1). Gametophores at 

a similar growth stage (9-12 leaves) were dissected from plants and imaged, showing staining that was 

consistent between lines in the gametophore axis (PpCLV1a::NGG, PpCLV1b::NGG, PpRPK2::NGG) or in leaves 

(PpCLE1::NGG, PpCLE2::NGG, PpCLE7::NGG) (Figure 2.2). No differences in expression pattern were found 

between three promoter::NGG lines for each gene, and a single line for each gene was therefore selected for 

further analyses.  

To identify genes involved in gametophore development, I analysed expression patterns at the whole plant 

level (Figure 2.3A-F). Whilst all genes were expressed in gametophores, PpCLE2::NGG and PpCLE7::NGG lines 

showed stronger staining in protonemata or rhizoids at the centre of the colony, and PpCLV1a::NGG stained 

most strongly in caulonemal filaments extending from the colony margin. These data suggest that the 

CLAVATA pathway might be active in more than one developmental context. In dissected protonemal tissue, 

staining was present upstream from buds in PpCLE1::NGG and PpCLE2:NGG lines, in protonemata subtending 

the developing bud for PpCLE7::NGG, PpCLV1a::NGG and PpCLV1b::NGG, and in the apical portion of buds 

for PpCLV1b::NGG and PpRPK2::NGG. Expression of PpCLV1b::NGG and PpRPK2::NGG marked the presence 

of gametophore buds from early stages (Figure 2.3G-R).  



52 
 

 

Figure 2.1) For each promoter::NGG fusion, two or three lines showing a consistent expression pattern at the whole 

plant level were selected for further experiments. GUS activity was detected for all the constructs in both protonemal 

tissue and gametophores, but with different patterns. PpCLE1::NGG, PpCLE2::NGG and PpCLE7::NGG expression was 

more intense at the center of the colony, while PpCLV1b::NGG and PpRPK2::NGG showed strong expression in the buds. 

All colonies have been stained using standard conditions. Staining times: PpCLE1::NGG and PpCLE7::NGG 7 h; 

PpCLE2::NGG and PpCLV1a::NGG 5 h; PpCLV1b::NGG and PpRPK2::NGG 2.5 h. Scalebar = 1 mm.  
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PpCLV1a::NGG 
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PpRPK2::NGG 

Figure 2.2) For each promoter::NGG fusion, two or three lines showing a consistent expression pattern in gametophores 

were selected for further experiments. Staining was present at the leaf base in PpCLE1::NGG, PpCLE2::NGG and 

PpCLE7::NGG lines. Staining in the gametophore axes was seen in PpCLV1b::NGG and PpRPK2::NGG lines, becoming 

stronger close to the apical meristem and the branch meristems in PpRPK2::NGG lines (arrowheads). In PpCLV1a::NGG 

lines, staining was present only at the bottom of the gametophore axis. Staining conditions as in Figure 2.1. Scalebar = 

1 mm  
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Figure 2.3) CLAVATA pathway genes are expressed from early stages of gametophore development. (A-F) GUS staining 

of whole plants for PpCLE1::NGG, PpCLE2::NGG, PpCLE7::NGG, PpCLV1a::NGG, PpCLV1b::NGG and PpRPK2::NGG lines 

show that signal is present in both protonemata and gametophores in each line. (G-R) Bud and protonemal staining in 

promoter::NGG lines. PpCLE1::NGG, PpCLE2::NGG, PpCLE7::NGG and PpCLV1a::NGG signal could not be detected in 

buds but was present in the underlying protonemal filament (arrows in M, O, P) or in protonemal tissue close to buds 

(arrows in G, H). PpCLV1b::NGG and PpRPK2::NGG signal was strongest in the upper portion of the buds (Q, R). (S-X) 

Gametophores with 5 leaves showed expression of all promoter::NGG constructs. PpCLE1::NGG, PpCLE2::NGG, 

PpCLE7::NGG and PpCLV1a::NGG expression was present at the base of fully developed leaves (S-V) and PpCLE7::NGG 

was also present in rhizoid tips (arrow in U). Expression of PpCLV1a::NGG was first detected at the junction between 

the gametophore base and protonemal filament (arrow in V); PpCLV1b::NGG and PpRPK2::NGG signal accumulated in 

gametophore axes, and was stronger in new branch meristems at the gametophore base in PpRPK2::NGG lines (W,X). 

(Y-D’) Adult gametophores with 9-12 leaves. See Figure 2.2 for further description. (E’-J’) Prolonged incubation of adult 

gametophores (overstaining) highlighted leaf expression in all promoter::NGG lines. Scale bars (A-F, S-J’) = 1mm, (M-R) 

= 100µm; (M-R) are magnifications of insets in (G-L). The figure is reproduced from Whitewoods et al. (2018) and 

pictures in G-R were taken by Dr Jill Harrison.  



55 
 

Patterns of CLAVATA expression can vary with gametophore developmental stage  

In young gametophores with around 5 leaves staining was present at the base of fully developed leaves for 

PpCLE1::NGG and PpCLE2::NGG, in rhizoid tips in PpCLE7::NGG, and in the whole of the gametophore axis for 

PpCLV1b::NGG and PpRPK2::NGG. PpRPK2::NGG signal was strongest close to the gametophore apex and in 

new branching meristems forming at the gametophore base (Figure 2.3S-X). Staining appeared in the leaf 

bases and the junction between gametophore bases and protonemata in PpCLV1a::NGG lines. Strong signal 

was also present in underlying protonemata towards the centre of the plant. In adult gametophores (9-12 

leaves) PpCLE1::NGG, PpCLE2::NGG, PpCLV1b::NGG and PpRPK2::NGG expression patterns were similar to 

patterns in young gametophores. In contrast, PpCLE7::NGG expression appeared around leaf bases and at 

the gametophore apex, while PpCLV1a::NGG signal appeared in the lower part of the gametophore axis 

(Figure 2.3Y-D’).  

Standard staining conditions highlight regions of high expression, but to detect weaker expression I 

overstained adult gametophores by tripling the incubation time (Figure 2.3E’-J’). Stringency was increased 

by raising the FeCN concentration to 2 mM so that no stain could move between cells. This staining technique 

disclosed the presence of leaf expression in all promoter::NGG lines. While PpCLE7::NGG and PpCLV1a::NGG 

expression remained at the leaf base, PpCLE1::NGG,  PpCLE2::NGG, PpCLV1b::NGG and PpRPK2::NGG 

expression was also present in the tips of young leaves. PpCLV1a::NGG signal was detected in the leaf midrib.  

In older gametophores (15 leaves) stained with standard stain, the patterns were slightly different. 

PpCLE1::NGG was clearly expressed in fully expanded adult leaves in the middle portion of the gametophore 

(Figure 2.4A), and PpCLE2::NGG staining appeared as a dot in the apical region (Figure 2.4B, G). The 

localization of staining remained constant in older PpCLE7::NGG, PpCLV1a::NGG, PpCLV1b::NGG and 

PpRPK2::NGG gametophores (Figure 2.4C-F). Interestingly, in some lines it was possible to more precisely 

identify the localization of apical staining. In PpCLE7::NGG gametophore apices, stain was produced from 

axillary hairs, unicellular secretory hairs that are present between developing leaves in P. patens (Figure 

2.4H,I). While PpCLV1b::NGG apical staining  was of similar intensity to the staining in the gametophore axis, 

PpRPK2::NGG staining intensified in a dome-shaped region, likely surrounding the apical cell (Figure 2.4L-M). 
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PpRPK2::NGG expression was also present specifically in the newly developing branch meristems at the 

gametophore base (Figure 2.4N).  Taken together these data show that CLAVATA expression is present in 

both 2D and in 3D growth phases, and that expression patterns in gametophores vary by developmental 

stage.  

 
Figure 2.4) CLAVATA expression patterns in older gametophores and gametophore apices. (A-B) In gametophores with 

>15 leaves from PpCLE1::NGG and PpCLE2::NGG plants signal is distributed differently than in gametophores with 10-

leaves, being stronger in PpCLE1::NGG leaves and showing apical expression in PpCLE2::NGG gametophores. (C-F) 

Expression patterns in gametophores with >15 leaves are not different from expression patterns of 10-leaved 

gametophores in PpCLE7::NGG, PpCLV1a::NGG, PpCLV1b::NGG, PpRPK2::NGG lines. (G-M) Detail of apical expression 

from PpCLE2::NGG, PpCLE7::NGG, PpCLV1b::NGG and PpRPK2::NGG gametophores with >15 leaves. (N) Detail of 
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expression from PpRPK2::NGG gametophore base. Standard staining conditions were used. Scale bars (A-M)= 1 mm, (N) 

= 100 µm. 

 

PpcleAmiR1-3, PpcleAmiR4-7, Ppclv1a1b and Pprpk2 mutant plants produce dwarfed 

gametophores 

To study which, if any, CLAVATA genes are necessary for P. patens development I analyzed mutant 

phenotypes. To observe the effects of reduced CLE production, two PpcleAmiR lines designed to 

downregulate either PpCLE1, PpCLE2 and PpCLE3 (PpcleAmiR1-3) or PpCLE4, PpCLE5, PpCLE6 and PpCLE7 

(PpcleAmiR4-7), were generated by Dr Chris Whitewoods, a previous student in Dr Harrison’s laboratory (See 

Methods). CLV receptor-encoding genes were disrupted by CRISPR mutagenesis to generate single (Ppclv1a 

and Ppclv1b) and double (Ppclv1a1b) mutant lines, and Pprpk2 knock out lines were generated by 

homologous recombination by Joe Cammarata, a previous student in Dr Harrison’s laboratory (Whitewoods 

et al., 2018). 

Dr Whitewoods, Dr Harrison and Joe Cammarata showed that while 3-week old WT plants have many 

gametophores, PpcleAmiR1-3, PpcleAmiR4-7, Ppclv1a1b and Pprpk2 plants of the same age comprise mainly 

protonemata (Figure 2.5A-E). However, after dissection they found many small abnormal gametophores 

developing in the mutants (Figure 2.5F-J). While in WT gametophores the apical meristem keeps producing 

new leaves, in PpcleAmiR gametophores the apical meristem often terminated after producing two or three 

leaves, and sometimes new meristems arose from other regions of the gametophore axis. Ppclv1a1b mutant 

gametophore axes were thicker than WT gametophore axes, and young Pprpk2 gametophores had multiple 

growth axes. These phenotypes suggested that gametophore development in PpcleAmiR1-3, PpcleAmiR4-7, 

Ppclv1a1b and Pprpk2 mutants is not only delayed, but also severely compromised.  
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Figure 2.5) clavata mutants have defects in early gametophore development. (A-E) 3-week old wild-type plants 

developed gametophores normally, while no gametophore were visible in PpcleAmiR1-3, PpcleAmiR4-7, Ppclv1a1b and 

Pprpk2 plants of the same age. (F-J) A wild-type gametophore produces new leaves from the apical meristem (F), while 

gametophores from PpcleAmiR lines terminated apical meristems and had new meristems arising from other regions of 

the axis (G,H). Ppclv1a1b and Pprpk2 gametophores had thicker and sometimes multiple growth axes (I,J). Ppclv1a and 

Ppclv1b mutants were not included as they did not show any macroscopical difference from wild-type at this stage. 

Scale bars (A-E) = 0.35 cm, (F-J) = 200 µm. Figure adapted from Whitewoods et al. (2018). Panels A-E were contributed 

by Dr Jill Harrison and panels F-J were contributed by me. 

Adult gametophores from Ppclv1b, Ppclv1a1b and Pprpk2 produce tissue outgrowths at the base 

To observe how mutations affected later stages of gametophore development, I dissected and imaged the 

30 tallest gametophores out of four 1 month-old spot cultures (Figure 2.6). Wild-type plants produced fully 

formed gametophores with more than 15 leaves and brown rhizoids developing from the bottom. While 

Ppclv1a and Ppclv1b gametophore axes were slightly shorter than wild-type axes, they still had fully formed 

leaves, which were sometimes slightly curly in Ppclv1b mutants. Ppclv1a1b, Pprpk2, PpcleAmiR1-3 and 

PpcleAmiR4-7 mutant gametophores were severely dwarfed, and lacked pigmented rhizoids. Additionally, 

overproliferating tissue masses similar to callus were observed at the base of adult gametophores in Ppclv1b, 

Ppclv1a1b and Pprpk2 mutants but not in Ppclv1a or PpcleAmiR mutants. These clumps of cells were able to 

generate small leaves, indicating meristematic activity. These data indicated a fundamental role for CLAVATA 

pathway in regulating multiple aspects of gametophore development. 

While PpcleAmiR1-3, PpcleAmiR4-7 and Pprpk2 lines were generated in Dr Harrison’s laboratory, Ppclv1a, 

Ppclv1b and Ppclv1a1b CRISPR mutant lines were produced and verified by collaborators and sent to us for 
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phenotypic analyses. I used Ppclv1a line 18, Ppclv1b line 2 and Ppclv1a1b line 6 for in-depth phenotypic 

analyses and my results were incorporated in the main body of Whitewoods et al. (2018).  

 

 

 

Figure 2.6) clavata mutants had defects in late gametophore development. (A-G) Whole gametophores dissected from 

1-month old plants. Branching gametophores arising from the main shoot were removed. Scalebar = 1 mm. (H-N) 

Gametophore bases showing fewer rhizoids in PpcleAmiR1-3 (I) and PpcleAmiR4-7 (J) mutants and tissue 

overproliferation in Ppclv1b (L), Ppclv1a1b (M) and Pprpk2 (N) mutants (arrows). Scalebars = 0.5 mm. (O) Quantification 

of gametophore length in wild-type and clavata mutants. The 30 tallest gametophores were dissected out of four one-

month old plants and measured. Three biological replicates showing similar results were carried out for wild-type, 

Ppclv1a, Ppclv1b, Ppclv1a1b and Pprpk2 plants. I performed two biological replicates for PpcleAmiR1-3 and PpcleAmiR4-

7 mutants. Groups with the same letter have no significant difference in height (p > 0.05). In all replicates, all mutant 

gametophores were found to be shorter than wild-type gametophores. Ppclv1a was the least affected mutant, followed 

by Ppclv1b. Gametophores from Ppclv1a1b, Pprpk2, PpcleAmiR1-3 and PpcleAmiR4-7 mutants were all severely 

dwarfed, with Pprpk2 being the smallest. Mean PpcleAmiR1-3 gametophore size slightly differed between the two 

replicates (d*= significantly different from Ppclv1a1b and PpcleAmiR4-7 in one replicate but not in the other, One-way 

ANOVA and Tukey’s test). Figure panels A-N reproduced from Whitewoods et al. (2018).  
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Information about Ppclv1a and Ppclv1b lines generation was found to be inconsistent 

After publication, I carried out in-depth phenotypic analysis of all single mutant lines available to characterize 

phenotypes related to colony shape and filament development (Figure 2.7) (See Chapter 3 and 4). Whilst 

Ppclv1a lines were qualitatively indistinguishable from wild-type plants, I noticed that mutant phenotypes 

strength varied between Ppclv1b mutant lines, with Ppclv1b line 2 having a larger area and more pronounced 

outgrowths at the gametophore base than Ppclv1b line 9 and Ppclv1b line 33. I hypothesized that the 

variability in phenotype strength could be due to the size of the CRISPR deletion, and I checked the 

genotyping information for Ppclv1a, Ppclv1b and Ppclv1a1b mutants published in Whitewoods et al. (2018).  

These lines were generated by gene editing using two sgRNAs to mutate the PpCLV1a locus, and one sgRNA 

to mutate the PpCLV1b locus. The constructs were co-transformed with pACT::Cas9 in wild-type protoplasts, 

to generate a mix of single and double mutants that were then PCR screened and sequenced in the region 

immediately adjacent to the mutation site (Figure 2.8). Further analysis revealed inconsistencies between 

published Ppclv1a and Ppclv1b genotyping data. The genotypes illustrated in panels A and B refer to lines 

Ppclv1a line 11, Ppclv1a line 29 and Ppclv1a line 32 and Ppclv1b line 2, Ppclv1b line 21 and Ppclv1b line 23. 

However, Ppclv1a line 29 is mentioned as Ppclv1a line 28 in the summary table in panel C. Phenotypes of 

lines Ppclv1a 18, Ppclv1a line 29, Ppclv1a line 32, Ppclv1b line 2, Ppclv1b line 9 and Ppclv1b line 33 are shown, 

but genotypes of some of these lines are not.  I therefore wished to check the mutations present in the lines 

that I was using.  
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Figure 2.7) Phenotype variability between Ppclv1b lines. Ppclv1b line 2, Ppclv1b line 9 and Ppclv1b line 33 showed 

phenotypic differences in whole plant shape (top row) and in the presence/absence of tissue outgrowths at the 

gametophore base (bottom row, arrowheads), with Ppclv1b line 2 displaying the strongest phenotype.  
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Figure 2.8) Generation of Ppclv1 mutants using CRISPR/Cas9. (A) Ppclv1a, Ppclv1b and Ppclv1a1b mutants were 

generated using two sgRNAs against PpCLV1a and one sgRNA against PpCLV1b loci (Purple arrowheads). Putative 

mutants were screened by sequencing of PCR products amplified using primers adjacent to the sgRNA target regions 

(Red arrows). Three independent mutant lines were identified for each single (Ppclv1a, Ppclv1b) and double mutant 

(Ppclv1a1b). sgRNA target sites are shown in yellow, insertions in red and deletions in green. (B) In Ppclv1a1b line 8 the 

PpCLV1a fragment between the two sgRNA target sites was excised and translocated into the PpCLV1b sgRNA target 

site. (C) Summary table of all mutations identified in Ppclv1 lines. + = wild type. (D-M) Light micrographs of whole 

Ppclv1a, Ppclv1b and Ppclv1a1b plants showing the phenotype of three independent mutant lines. Scale bar = 1 mm. 

Supplementary Figure reproduced from Whitewoods et al. (2018). NOTE: Lines genotyped in Figure 2.8A-B showed an 

inconsistency with the summary presented in Figure 2.8C, and several genotypes do not match the lines shown in panel 

E-J.  
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Most Ppclv1a and Ppclv1b lines were genotyped by gene sequencing 

To verify the site of mutations in genes and move forwards in my future work, I amplified and sequenced the 

whole of PpCLV1a and PpCLV1b in all Ppclv1a and Ppclv1b mutant lines that I was using (Figure 2.9).  A 4942 

bp fragment of PpCLV1a was amplified from all Ppclv1a and Ppclv1b lines using CLV1Alocus_forward_1 and 

CLV1Alocus_reverse_9 primers (Table 2.3, labelled FW1 and RV9 in Figure 2.9A-C). A band shift was observed 

for Ppclv1a line 18, producing a shorter PpCLV1a amplicon (Figure 2.9B). After sequencing it was confirmed 

that Ppclv1a line 18 had an 805 bp deletion at PpCLV1a, but no mutation was detected in either loci in Ppclv1a 

line 29 or Ppclv1a line 32 (Figure 2.9C). All Ppclv1b lines had wild-type sequence at the PpCLV1a locus (Figure 

2.9C). A 4589 bp fragment was amplified from PpCLV1b in all Ppclv1a lines and Ppclv1b line 9 and Ppclv1b 

line 33 using CLV1Blocus_forward_1 and CLV1Blocus_reverse_8 primers (Table 2.3, labelled FW1 and RV8 in 

Figure 2.9D-E), but no fragment amplified from Ppclv1b line 2. Whilst no band shifts were observed in this 

case (Figure 2.9E), sequencing of PpCLV1b locus revealed that Ppclv1a line 18 had a 9 bp deletion at PpCLV1b 

and was thus a double mutant (Figure 2.9F). A 47 bp deletion was found at PpCLV1b in Ppclv1b 9, but no 

mutation was present in Ppclv1b line 33 (Figure 2.9F). In summary, no mutations were found in Ppclv1a line 

29, Ppclv1a line 32 and Ppclv1b line 33, which were therefore wild-type. Only Ppclv1a line 18 and Ppclv1b 

line 9 were confirmed as mutants by direct sequencing.  
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Figure 2.9) Summary of investigation into PpCLV1a and PpCLV1b mutations. (A-C) The PpCLV1a locus (A) was PCR 

amplified (B) and sequenced (C) using primers shown in (A) from Ppclv1a line 18, Ppclv1a line 29, Ppclv1a line 32, Ppclv1b 

line 2, Ppclv1b line 9 and Ppclv1b line 33. Ppclv1a line 18 was the only line with a mutation at PpCLV1a (805bp deletion). 

(D-F) The PpCLV1b locus (D) was PCR amplified (E) and sequenced (F) with primers illustrated in (D) from Ppclv1a line 

18, Ppclv1a line 29, Ppclv1a line 32, Ppclv1b line 9 and Ppclv1b line 33. Amplification failed in Ppclv1b line 2. Ppclv1a 

line 18 and Ppclv1b line 9 had short deletions at PpCLV1b (9 and 47bp respectively). sgRNA target sites are highlighted 

in yellow. 

Ppclv1b line 2 was genotyped by genome walking 

As no product could be amplified from Ppclv1b line 2 using CLV1Blocus_forward_1 and 

CLV1Blocus_reverse_8 primers, I tested other primer combinations. Interestingly, the largest PpCLV1b 

fragment that I could amplify was between FW1 and RV6 primers (Figure 2.10A), indicating that at least part 

of the gene was present. However, I was unable to amplify the sgRNA target site, so I hypothesized that the 
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mutation could be a large insertion or deletion. To find the mutation present in Ppclv1b line 2 I used a genome 

walking technique, which enables the amplification of unknown genomic sequences adjacent to a known 

sequence (Siebert et al., 1995). I first extracted high quality genomic DNA from wild-type and Ppclv1b line 2 

protonemata and then digested it to completion with three 6 bp cutter enzymes (PvuII, HpaI or EcoRV). 

Digested DNA was then cleaned using a Zymoclean column and the fragments were ligated to genome 

walking adaptors using T4 DNA ligase. I therefore generated six libraries.  

The Ppclv1b line 2 libraries should contain DNA fragments in which the unknown target sequence is flanked 

by the known sequence (the PpCLV1b FW1-RV6 amplicon) and an adaptor. A Nested PCR with primers against 

the known sequence (GSP1 and GSP2) and the adaptor (AP1 and AP2) should then amplify the desired 

unknown sequence (Figure 2.10A). In this manner, a single 2200 bp fragment was amplified from the Ppclv1b 

line 2 PvuII library, but not the wild-type PvuII library. Sequencing revealed that PpCLV1b was intact up to the 

sgRNA target region, and that there was an upstream exogenous sequence integrated from the pACT::Cas9 

plasmid used in the CRISPR transformation (Lopez-Obando et al., 2016).  

To find the 5’ border of the insertion, I first attempted a further round of genome walking using the promoter 

sequence as the known sequence (Figure 2.10B). I used the same libraries to perform nested PCR with 

primers placed on the promoter (pGSP1 and pGSP2) and the adaptor sequence (AP1 and AP2) and amplified 

a ~3 kb band. The PCR product was purified and sent for sequencing, but the sequencing results became 

illegible after a segment containing TC dinucleotide repeat, either due to a sequencing error or to the 

presence of multiple PCR products. As genome walking from the promoter failed, I utilized an alternative 

approach to find the 5’ border of the insertion. By using an M13-fw primer, which anneals to the pACT::Cas9 

plasmid sequence, together with RV8 it was possible to amplify the second junction. This approach was 

successful and I obtained a ~ 5 kb fragment comprising part of the 5’ UTR, the start codon and a portion of 

pACT::Cas9. Overall, only 4 nucleotides were deleted from PpCLV1b locus. Thus both sides of the insertion 

were identified and sequenced, confirming the inserted sequence came from pACT::Cas9. 
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Ppclv1b line 2 does not contain tandem repeats of pACT::Cas9 plasmid in PpCLV1b 

Since insertion of multiple copies of plasmid is a common occurrence in P. patens transformation (Schaefer, 

2001), I wanted to understand if a single or multiple copies of the pACT::Cas9 plasmid were inserted in 

Ppclv1b line 2. I first tried to amplify across the whole pACT::Cas9 insertion in PpCLV1b using FW7-RV8 

primers (Figure 2.10C). If a single copy of the plasmid was present, a fragment of ~11.5 kb should be 

produced. No PCR product was observed from Ppclv1b line 2, indicating either the presence of multiple 

insertions or the limit of Q5 polymerase performance (Q5 amplifies up to 10 kb on genomic templates and 

up to 20 kb on bacterial templates).  

Since one copy of CaMV terminator is present in the pACT::Cas9 plasmid, and promoter::NGG lines have a 

single copy of CaMV terminator in the genome, if CaMV terminator was used as a target sequence for PCR 

amplification promoter::NGG lines could be used as a control for single insertion. I used genomic DNA from 

wild-type, Ppclv1b line 2 and PpCLE6::NGG line 2-2 to amplify the terminator with CaMV_FW and CaMV_RV1 

primers, while also amplifying ubiquitin gene as a loading control. Since the band amplified from 

PpCLE6::NGG 2-2 and from Ppclv1b 2 was of similar intensity, I concluded that there were only one or few 

copies of the pACT::Cas9 plasmid integrated into the PpCLV1b locus. 

In summary, the PpCLV1b gene locus is disrupted in Ppclv1b line 2 by an insertion from the pACT::Cas9 

plasmid located between the first ATG and the rest of the gene. The size of the insertion was not precisely 

calculated but was estimated to be at least 6 kb (~5 kb M13-RV8 fragment + 1304 bp sequenced from genome 

walking). 
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Figure 2.10) Summary of investigation into Ppclv1b line 2 mutations (A) The biggest fragment that could be amplified 

from the PpCLV1b locus in Ppclv1b line 2 was between FW1 and RV6 primers. Starting from this known sequence, 

primers were designed for Genome Walking (see Methods). High quality gDNA was extracted from Ppclv1b line 2, fully 

digested with three separate 6 bp blunt cutting restriction enzymes (PvuII, HpaI, EcoRV) and cleaned. Genome walking 

adaptors were ligated to the fragments using T4 DNA ligase. The genome walking libraries produced were then used to 
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perform nested PCR. When a single band was present after the second PCR, the PCR product was cleaned and sent for 

direct sequencing. The sequence upstream of the FW1-RV6 amplicon was found to be part of a pACT::Cas9 

transformation plasmid. 1304 bp of pACT::Cas9 were sequenced from the 3' side. (B) Genome walking was also 

performed from the 5' side, but sequencing failed. As pACT::Cas9 contains an annealing site for the M13-fw primer, this 

primer was used with RV8 to amplify and sequence the 5' junction. 1190 bp of pACT::Cas9 were sequenced from the 5' 

side. (C) The pACT::Cas9 insertion could not be amplified using FW7-RV8 primers (first gel). Primers on the CaMVterm 

plasmid region amplified a band of similar strength from Ppclv1b 2 and PpCLE6::NGG lines (second gel). The latter was 

used as a control because it contains only one copy of CaMVterm. Sequences highlighted in yellow indicate sgRNA target 

site; Sequences in black belong to pACT::Cas9 plasmid. All primers sequences are in Table 2.4.  

 

Ppclv1a1b genotypes matched published data and newly generated Ppclv1a1brpk2 lines were 

confirmed to be triple mutants. 

 Due to the inconsistencies present in Ppclv1a and Ppclv1b datasets we decided to re-genotype also all 

available Ppclv1a1b lines (Figure 2.11). I amplified the PpCLV1a locus from Ppclv1a1b line 8 using 

CLV1Alocus_forward_1 and CLV1Alocus_reverse_9 primers as previously described for single mutant lines, 

and sequencing of the fragment verified that there was an 816 bp deletion in PpCLV1a as reported in 

Whitewoods et al. (2018) (Figure 2.8, Figure 2.11B-C). PpCLV1a deletions present in Ppclv1a1b line 6 and 

Ppclv1a1b line 12 were amplified and sequenced using primers adjacent to the sgRNA target site 

(PpCLV1a_sgRNAtarget_FW2 and PpCLV1a_sgRNAtarget_RV2, in Table 2.2). These deletions also 

corresponded to the published data (5 bp Ppclv1a1b line 6 and 2bp in Ppclv1a1b line) (Figure 2.8, Figure 

2.11B-C). Amplification of PpCLV1b using primers adjacent to the sgRNA target site 

(PpCLV1b_sgRNAtarget_FW2 and PpCLV1b_sgRNAtarget_RV2, Table 2.2) showed an insertion in Ppclv1a1b 

line 8. By sequencing the PpCLV1b locus in Ppclv1a1b line 8, I confirmed that the insertion was in fact a 

translocation from PpCLV1a, as reported in Whitewoods et al. (2018) (Figure 2.8, Figure 2.11E-F). The same 

primer set was used to identify deletions in Ppclv1a1b line 6 and Ppclv1a1b line 12 PpCLV1b locus (189 bp 

and 2 bp respectively), which also matched published data (Figure 2.8, Figure 2.11E-F). 

Further to Whitewoods et al. (2018) and the work above, Ppclv1a1brpk2 triple mutant lines were generated 

by our collaborators by mutating the PpRPK2 locus in the Ppclv1a1b line 8 background.  Using primer pairs 
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adjacent to the sgRNA target site I verified that Ppclv1a1brpk2 line 1, Ppclv1a1brpk2 line 2 and Ppclv1a1brpk2 

line 3 showed a band shift indicating the reported deletion at PpCLV1a, while amplification of PpCLV1b 

showed the reported insertion in all Ppclv1a1brpk2 lines (Figure 2.11B, E).  I also amplified the PpRPK2 locus 

with primers adjacent to the predicted mutation site (rpk2_screen_FW  and rpk2_screen_RV, in Table 2.2) 

and sequenced it revealing 11 bp, 26 bp and 7 bp deletions in Ppclv1a1brpk2 line 1, Ppclv1a1brpk2 line 2 and 

Ppclv1a1brpk2 line 3 respectively (Figure 2.11G). Thus, I confirmed that the lines were Ppclv1a1b double and 

Ppclv1a1brpk2 triple mutants.  
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Figure 2.11) Summary of investigation into Ppclv1a1b and Ppclv1a1brpk2 mutations. (A-C) The PpCLV1a locus (A) was 

amplified from Ppclv1a1b and Ppclv1a1brpk2 lines (B) and sequenced (C) using primers shown in (A) FW2 = 

PpCLV1a_sgRNAtarget_FW2; RV1 = PpCLV1a sgRNA targets rev (exon 5). Mutations were confirmed in all lines. (D-F) 

The PpCLV1b locus (D) was amplified from Ppclv1a1b and Ppclv1a1brpk2 lines (E) and sequenced (F) with primers shown 

in (D) FW2 = PpCLV1b_sgRNAtarget_FW2; RV2 = PpCLV1b_sgRNAtarget_RV2. Mutations were confirmed in all lines. (G) 

The PpRPK2 locus was amplified and sequenced from Ppclv1a1brpk2 lines using primers shown. FW = rpk2_screen_FW; 

RV = rpk2_screen_RV. Mutations were confirmed in all lines. sgRNA target sites are highlighted in yellow.  
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A correction notice to Whitewoods et al. (2018) was issued 

As the re- genotyping I did revealed that only Ppclv1a line 18, Ppclv1b line 2 and Ppclv1b line 9 were in fact 

mutants, Dr Harrison decided to issue a correction notice to Whitewoods et al. (2018). To verify published 

mutant phenotypes, further lines were generated by our collaborators and named Ppclv1a crA, crB, crC and 

Ppclv1b crA, crB, crC. These lines were genotyped by Wei Liu, a student in Dr Harrison’s laboratory, by 

sequencing the PpCLV1a and PpCLV1b loci using the same strategy illustrated in Figure 2.8. Ppclv1a line crA 

and Ppclv1a line crB were found to have respectively a 7 bp insertion and 2 bp deletion at PpCLV1a, and to 

be wild-type at PpCLV1b. Ppclv1b line crA was found to have a 47 bp deletion at PpCLV1b and to be wild-type 

at PpCLV1a (Figure 2.12A-C). The mutation present in Ppclv1b line crA is the same as in line 9, but since they 

were generated in separate transformations they are still independent lines.  

To confirm that the phenotypes shown in Whitewoods et al. (2018) were present also in the new crA-B lines, 

plants were grown in long day conditions for 4 weeks (Figure 2.12D). All wild-type, Ppclv1a and Ppclv1b 

mutant plants displayed fully developed gametophores, but these were absent in Ppclv1a1b plants. When 

plants were dissected, disorganized cellular outgrowths were found at the base of all Ppclv1b and Ppclv1a1b 

gametophores, but these were not present in Ppclv1a or wild-type plants. Therefore, the phenotypes were 

consistent with published data, and the overall findings of Whitewoods et al. (2018) were robust. My data 

were used in a correction notice issued by Current Biology (Whitewoods et al. 2020).  
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Figure 2.12) Strategy for generation of Ppclv1 mutants using CRISPR/Cas9 (Correction to Figure 2.7) (A,B) Mutagenesis 

of PpCLV1a and PpCLV1b loci. Synthetic guide RNAs were designed to target PpCLV1a at two sites, while one sgRNA was 

used to target PpCLV1b. Putative mutants were verified by amplification and sequencing of PpCLV1a and PpCLV1b whole 
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loci. Three independent mutant lines for each single mutant (Ppclv1a, Ppclv1b) and double mutant (Ppclv1a1b) were 

identified. WT sequences in bold represent sgRNA target sites, and sequences highlighted in grey represent the 

corresponding mutation in disruptant lines. In Ppclv1a1b line 8 the PpCLV1a fragment between the two gRNA target 

sites was excised and translocated in PpCLV1b sgRNA target site. (C) Table summarizing all mutations identified in Ppclv1 

mutant lines. (D) Light micrographs of whole plants and gametophore bases for three Ppclv1a, Ppclv1b and Ppclv1a1b 

lines. Figure reproduced from (Whitewoods et al., 2020) and prepared by me using lines generated by collaborators.  
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DISCUSSION 

In P. patens, the gametophore apical cell functions as a shoot apical meristem and its regulation has been 

scarcely studied. As CLAVATA pathway components are present in all in land plants (Whitewoods et al., 2018) 

I studied the role of CLAVATA in regulating P. patens gametophore development.   

CLAVATA regulates apical meristem maintenance and cell differentiation 

clavata loss of function phenotypes support a role for CLAVATA in regulating different aspects of 

gametophore development in P. patens. Firstly, CLAVATA is required for normal apical cell function. The 

maintenance of apical meristem activity in the young gametophore is compromised in PpcleAmiR1-3, 

PpcleAmiR4-7 and Pprpk2 mutants, with apical cells terminating prematurely (Figure 2.4). The newly arising 

meristems on the bottom of the mutant gametophores also develop abnormally, forming clumps of 

undifferentiated cells instead than fully formed branching shoots (Figure 2.5). Therefore, in the absence of 

CLAVATA both the maintenance of apical cell activity and the regulation of daughter cell differentiation are 

impaired.  

CLAVATA represses ectopic meristems formation 

Secondly, the CLAVATA pathway represses the formation of ectopic meristems, maintaining a main growth 

axis in wild-type gametophores. Normally, only epidermal cells located in the leaf axils become new apical 

initials and produce side branches (Coudert et al., 2015). However, new ectopic meristems arise in an 

apparently disorganized pattern in Ppclv1b, Ppclv1a1b and Pprpk2 mutants, and they arise from multiple 

epidermal cells on older portions of the shoot (Figure 5 in Whitewoods et al. 2018). Hence, I hypothesize that 

the identity of differentiated epidermal cells on the gametophore axis is more plastic in clavata mutants than 

in wild-type plants. 

As peptides can act as short-range signals, the CLAVATA response will be in tissues where receptors are 

present and peptides can be perceived. The expression patterns shown in Figures 2.1-2.4 show that peptide-

encoding genes are preferentially expressed in leaves or at the leaf base, while receptor-encoding genes are 
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preferentially expressed in the stem, where most of clavata receptor mutants (Ppclv1b, Ppclv1a1b and 

Pprpk2 but not Ppclv1a) show ectopic meristem production. Therefore, I suggest a model in which peptides 

produced in leaves are perceived in the gametophore axes and where the role of CLAVATA is to represses 

stem cell identity and/or proliferation, in a similar way to what happens in Arabidopsis (Rojo et al., 2002). 

Judging from gametophore expression patterns, all three receptors should be present at the gametophore 

base. However, PpCLV1a does not seem necessary to suppress callus-like mass development, suggesting a 

stronger repressive function for PpCLV1b and PpRPK2 on the formation of new meristems.  

CLAVATA pathway could interact with hormones to repress the formation of new meristems 

It is interesting to speculate how clavata mutant phenotypes might arise. The production of branch 

meristems is regulated by the interplay of auxin, cytokinin and strigolactone in wild-type plants (Coudert et 

al., 2015), so it seems reasonable that these hormones could be involved in the formation of ectopic 

meristems in clavata mutants. Strigolactone is thought to inhibit the production of branches in the lower 

internodes, while cytokinin promotes new meristem formation and auxin represses it (Coudert et al., 2015). 

It is therefore possible that in clavata gametophores strigolactone or auxin levels are lower, or that cytokinin 

levels are higher. Another possibility is that the localization of these hormones and/or their response is not 

as tightly regulated in the mutants, so that competency to become an apical initial is widespread and not 

restricted to epidermal cells present in the leaf axil. Taken together these data identify CLAVATA pathway as 

a regulator of apical cell function in P. patens and a conserved regulator of meristem function in land plants 

(Whitewoods et al., 2018).  

Mutation sizes correlate with phenotype severity in Ppclv1b mutant lines 

Building on published work, I studied the phenotypes of clavata mutants in more detail and found some 

inconsistencies between Ppclv1a and Ppclv1b lines and Whitewoods et al. (2018). I addressed this problem 

using sequencing and genome walking and my work contributed to a correction notice (Whitewoods et al., 

2020). Interestingly, the mutations present in Ppclv1b lines are quite different between each other, allowing 

us to examine the relationship between genotype and phenotype. The more substantial mutation is the >6kb 
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insertion present in Ppclv1b line 2 between the first ATG and the rest of the gene, while Ppclv1b line 9 and 

line crA have only a 47bp deletion which eliminates 6bp from the 5’UTR and the first ATG, leaving intact a 

second in frame ATG. In Ppclv1b line 2 the second start codon is present, but the gene is unlikely to be 

transcribed as there is no promotor. However, there is a chance a truncated version of PpCLV1b could be 

transcribed and translated in Ppclv1b line 9 or line crA. If this is the case, the presence of small amounts of 

PpCLV1b lacking the first 18aa of the LRR domain could explain why Ppclv1b line 9 phenotype is less severe 

than Ppclv1b line 2 one (Figure 2.7). RT- or qPCR could be used to confirm or reject this hypothesis. A similar 

issue arises from the disruption in PpCLV1b locus in Ppclv1a line 18. This 9bp deletion, being a multiple of 

three, is not causing a frameshift and a premature stop codon in the protein, but the deletion of three amino 

acids (E-G-L). Despite this, Ppclv1a line 18 has fully developed shoots and no outgrowths at the base, thus we 

conclude its copy of PpCLV1b gene is functional.  

The phenotypic analysis using Ppclv1b line 2 was a substantial piece of evidence contributing to the main 

conclusions present in Whitewoods et al., 2018. Genotyping information about this line was found to be 

incorrect (Figure 2.8): a >6 kb insertion was found instead of the predicted 2 bp deletion in PpCLV1b locus. 

Since P. patens lines are haploid and clonally propagated, re-genotyping of lines generated in other 

laboratories is a less common practice than with Arabidopsis. Here I show that despite the differences 

between the two species, the lack of routine re-genotyping poses a risk which cannot be overlooked.  

The CRISPR/Cas9 system generated an unexpected insertion 

The presence of a large insertion in Ppclv1b line 2 was not expected, as the CRISPR methodology used to 

transform the lines was the same as in Lopez-Obando et al., (2016), which only mentioned short deletions. 

In P. patens CRISPR/Cas9 system has been used in combination with homologous recombination to insert 

exogenous sequences next to the sgRNA target (Collonnier et al., 2017; Ako et al., 2017; Mallett et al., 2019). 

In these experiments the two plasmids containing the Cas9 gene and the sgRNA construct were always co-

transformed with a donor plasmid, designed to have >700bp homology with the flanking regions around the 

insertion. Homologous recombination is extremely efficient in P. patens compared to flowering plants 

(Schaefer et al., 1991; Schaefer Didier G, 2001), and combining it with the targeted double strand break 
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generated by CRISPR/Cas9 led to a transformation efficiency up to 100 % of antibiotic resistant plants 

(Collonnier et al., 2017). In our study no donor plasmid was used to generate Ppclv1b lines, and the regions 

flanking the insertion in PpCLV1b and in pACT::Cas9 plasmid have only 45.1 % and 47.2 % identity at 5’ end 

and 3’ end respectively (700 bp fragments aligned with EMBOSS-Water). Therefore, it is necessary to consider 

that CRISPR/Cas9 system in P. patens can lead to unpredicted plasmid insertions even in the absence of 

sequence homology.  

The significance of Whitewoods et al. (2018) was not affected by the genotyping errors 

Luckily, the conclusions present in Whitewoods et al. (2018) were not undermined by the genotyping 

inconsistencies and CLAVATA role in regulating cell proliferation/identity in P. patens gametophore was 

confirmed (Whitewoods et al., 2020) (Appendix I-II). The work carried out for the correction resulted in a new 

collection of verified lines, with the addition of the triple mutant Ppclv1a1brpk2. This set a solid base of tools 

which were used for subsequent experiments aimed at investigating CLAVATA function in P. patens in 

different developmental contexts, as for example during filament development (Chapter 3).  
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CHAPTER 3 

CLAVATA regulates protonemal development in P. patens 

 

 

ABSTRACT 

The two dimensional growth stage of P.patens development is formed by protonemal filaments which can 

serve photosynthetic (chloronemata) or foraging (caulonemata) functions. Here I show that CLAVATA 

pathway components are expressed in the tip cell of caulonemal filaments, and that CLAVATA represses 

caulonema development. In particular, the PpRPK2 receptor regulates the amount of caulonema filaments 

as well as their cell identity/morphology. Mutants with altered CLE peptide production (PpcleAmiR1-3) have 

mixed protonemal cell identity and low apical dominance, while Pprpk2 mutant protonemata display highly 

polarized cell identities and increased apical dominance. Overall, CLE peptides likely form an autocrine 

signaling module with PpRPK2 and possibly PpCLV1B repressing caulonemal identity in protonemal apical 

stem cells. 
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INTRODUCTION 

The two-dimensional growth phase of P. patens comprises two filament types 

Branching filaments are a two-dimensional growth form present across different kingdoms of life such as 

green algae and plants, fungi and brown algae (Coudert et al., 2019a). In the moss P. patens the first phase 

of gametophyte development is filamentous, and it is constituted by photosynthetic chloronemal and 

foraging caulonemal filaments (Figure 3.1). Chloronemal cells are short, with transverse cell division planes 

and contain bright green and round chloroplasts. Caulonemal cells are longer, with oblique cell division 

planes and a pale appearance due to their small, spindly and barely developed chloroplasts. Chloronemata 

and caulonemata are collectively called protonemata. Rhizoids are filamentous rooting structures that are 

morphologically similar to caulonemata, but can be distinguished due to their brown pigmentation. Because 

rhizoids originate from gametophores stems, they are not classified as protonemata (Sakakibara et al., 2003). 

Protonemal development starts with spore germination 

The gametophytic phase of the P. patens life cycle starts by spore germination. In the presence of water, 

spores swell, leading to the rupture of the spore coat. During germination, the protrusion of one or multiple 

germ tubes is promoted by light, in a phytochrome-regulated process (Possart & Hiltbrunner, 2013) and the 

regulation of spore germination shares some similarities with regulation of seed germination (Moody et al., 

2016; Vesty et al., 2016). When the germ tube is separated from the spore body by the first cell division, it 

produces a protonemal apical initial, which usually assumes chloronemal identity and generates primary 

chloronemata. Thin caulonemal filaments can also form in low nutrient conditions (Bhatla, 1994).  

Apical protonemal cells can also form during regeneration 

Damaged gametophore tissues can regenerate a whole plant by reprogramming of other cell types into 

protonemal apical cells. In damaged phyllids, cells close to the damaged edge are able to re-enter the cell 

cycle in a process that is facilitated by PpSTEMIN and Cold-Shock Domain Proteins (PpCSP) (Li et al., 2017b; 

Ishikawa et al., 2019). Intact phyllid cells can reprogram into protonemal apical cells in PpSTEMIN and PpCSP 
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overexpressor mutants, and PpSTEMIN promotes chromatin remodelling to activate the cell cycle and 

chloronema specific genes upon wounding (Li et al., 2017b; Ishikawa et al., 2019). The transcription factors 

PpWOX13La and b regulate genes involved in cell wall remodeling and are necessary for protonemal apical  

cell extension, but not for their specification, after wounding (Sakakibara et al., 2014) .  

Tip growth in protonemata uses a core machinery used in tip growth in other plants 

In both chloronemal and caulonemal apical cells, deposition of new material and cell growth is confined to 

the distal tip, and intercalary growth is absent (Menand et al., 2007). Such tip growth is also present in other 

plant cells, for instance pollen tubes, root hairs and liverwort rhizoids. The actin cytoskeleton enables tip 

growth to occur in all land plants, and its precisely localized dynamic balance is maintained by several factors. 

PpROP proteins are essential for tip growth in both chloronemal and caulonemal apical cells, where they 

promote actin filament accumulation at the secretion site (Ito et al., 2014; Burkart et al., 2015). An oscillating 

Ca2+ gradient regulates actin assembly, with high Ca2+ concentrations inhibiting actin accumulation in 

protonemal tips (Bascom et al., 2018). The execution of tip growth in moss is also dependent on myosin XI 

and on a core machinery of actin associated proteins (Vidali et al., 2007, 2010). These fundamental tip 

growing mechanisms are likely conserved between moss protonemata and angiosperm tip-growing cells such 

as root hairs and pollen tubes (Eklund et al., 2010a; Vidali & Bezanilla, 2012). 

Tip growth regulation in caulonemata is more complex than in chloronemata 

Further cytological differences between chloronemal and caulonemal apical cells add to previously listed 

examples. Whereas caulonemal cells have a highly polarized cellular organization, with longitudinal 

microtubular arrays and an apical region where large organelles are absent and a vesicle cluster called the 

tip body is visible, chloronemal cells have chloroplasts in the tip region and the tip body is absent (Bhatla, 

1994; Menand et al., 2007; Pressel et al., 2008). Apical growth in caulonemal tip cells is regulated by several 

specific actin interacting proteins, which are not needed for chloronema development (Perroud & Quatrano, 

2006, 2008; Augustine et al., 2011). Phosphoinositides (PIP) are used by cells to create specific membrane 

domains and regulate the signaling between those domains and the cytoskeleton and in P. patens, PIP-kinase 
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mutants result in absence of caulonema and rhizoid development, while chloronema growth is unaffected 

(Saavedra et al., 2011). These differences in the tip growth machinery are reflected in the different growth 

speed of chloronemal and caulonemal filaments: while chloronemal apical cells produce a new daughter cell 

every 20 hours, caulonemal apical cells grow faster and cleave one cell every 7 hours (Jang & Dolan, 2011). 

Taken together, these studies indicate that tip growth in caulonemal apical cells relies on a more complex 

mechanism than chloronemal tip growth.  

Caulonemal development is controlled by the plant energy balance and nutritional status 

Chloronemal apical cells are able to shift to a different developmental state and become caulonemal apical 

cells. This developmental transition is regulated by a range of factors including external and internal signals. 

The carbon/nitrogen ratio in the plant is a fundamental regulator of caulonema production in P. patens. High 

light intensities and glucose treatment favor caulonema production in a hexokinase-dependent way. 

Hexokinase is a core metabolic enzyme which is thought to mediate sugar-regulated gene expression, and 

hexokinase mutants (Pphxk) have low caulonema production even when treated with glucose (Olsson et al., 

2003; Thelander et al., 2005). Conversely, low light intensity and the presence of an ammonium source in 

growth media cause a decrease in caulonema production (Thelander et al., 2005; Sugiyama et al., 2012). Light 

quality also has a photomorphogenic effect on protonema, so that blue as well as red light promote 

caulonema formation (Imaizumi et al., 2002; Bierfreund et al., 2004). In P. patens, Hydroxyproline O-

arabinosyltransferase mutants (Pphpat) show increased protonemal growth and caulonemata proliferation, 

partially due to the lack of arabinosylation in the cell wall. Another target of HPAT are CLE peptides, and the 

arabinosylation of CLV3 increases its biological function in both Arabidopsis and tomato (MacAlister et al., 

2016). 

Caulonemal differentiation is hormonally regulated 

The balance between auxin and cytokinin is a major determinant of caulonema formation. Auxin promotes 

the transition to caulonemal identity and acts via ROOT HAIR DEFECTIVE SIX‐LIKE1/2 (PpRSL1/2) transcription 

factors, while cytokinin inhibits the transition by antagonizing auxin (Ashton et al., 1979b; Thelander et al., 
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2005; Jang & Dolan, 2011). Roles of auxin and cytokinin in the regulation of protonemal identity are described 

further in Chapter 4. Strigolactones are secreted into growth media and are needed for neighbor-sensing. A 

strigolactone biosynthesis mutant showed increased production of caulonemata, which had longer cells. 

Conversely, strigolactone (GR24) application reduced caulonemal cell size (Proust et al., 2011; Hoffmann et 

al., 2014). Whilst gibberellic acid is absent in moss, a gibberellin precursor (ent-kaurene) is produced and ent-

kaurene synthesis mutants have fewer caulonemata, a phenotype that can be rescued by ent-kaurene 

application (Hayashi et al., 2010). Thus, caulonemal identity is inhibited by strigolactones and promoted by 

ent-kaurene.  

Protonemal branching contributes to plant morphology 

As well as extending their length, protonemata can fill space by growing side branches. Chloronemata tend 

to branch irregularly and have stronger growth of side branches relative to the main filament than 

caulonemata, resulting in a lack of apical dominance (Figure 3.1). This confers a smooth plant margin and 

uniform shape to plants with abundant chloronemata (Jang & Dolan, 2011; Lavy et al., 2016). In contrast, 

caulonemal branching is more regular and each cell produces a branch close to its distal end. Branch 

production does not occur in the first 2 to 4 cells from the tip (Coudert et al., 2019a), and apical inhibition is 

gradually released along the length of the caulonemal filament, resulting in strong apical dominance. 

Caulonemal side branches form secondary chloronemata   9̴5% of times, while the remaining branch initials 

assume either caulonemal or bud identity (Cove & Knight, 1993). Since caulonemata grow rapidly and with 

strong apical dominance, plants with abundant caulonemata have an irregular margin (Figure 3.1)  (Jang & 

Dolan, 2011; Pires et al., 2013; Tam et al., 2015). In this chapter I will refer to the filament system made of a 

caulonemal main filament together with its chloronemal side branches as foraging protonemata (Figure 3.1).  
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Figure 3.1) Chloronemata and caulonemata have different cell morphologies and generate distinct branching patterns 

affecting plant shape. (A) Primary chloronema arising from spores can continue to grow and branch or transition to 

caulonemal identity. Caulonema branches comprise secondary chloronemata. (B) In a wild-type plant, uniform borders 

arise by growth of branching chloronemal filaments (Border protonemata), while structures extending from the border 

comprise a main caulonemal filament and its chloronemal side branches (Foraging protonemata).  

 

Protonemal branch initiation is regulated at the cellular and whole-filament level 

Protonemal branching is initiated by the formation of a new lateral growth axis from differentiated subapical 

cells. The formation of a bulge in the mother cell is dependent on PpROP proteins and the actin cytoskeleton, 

which then guide microtubules and nuclear migration towards the bulge, leading to asymmetric cell division 

(Yi & Goshima, 2020). Myosin VIII is a negative regulator of caulonemal branching, and acts both in the long- 

and short- range. Quintuple myo8 mutants have reduced apical dominance and an increased density of side 

branches due to multiple branches initiating from a single cell (Wu et al., 2011). Thus, Myosin VIII genes might 

encode part of a structural inhibitory mechanism preventing the formation of multiple growth poles in a 

single cell. Extra misplaced branching sites in caulonemata arise also from mutations of PpVAPYRIN, together 

with increased apical dominance, and this phenotype could be related to the actin cytoskeleton (Rathgeb et 

al., 2020). In addition to their role in regeneration, PpSTEMINs can modify chromatin to positively regulate 

the formation of chloronema side branches from caulonema (Ishikawa et al., 2019). Hormonal regulation can 

also affect the positioning and frequency of branch formation. A strigolactone biosynthesis mutant showed 

increased branching from both primary chloronemata and adult caulonemata (Proust et al., 2011). Although 

roles for cytokinin in protonematal branching are not clear (Coudert et al., 2019a), auxin inhibits excessive 
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branching (Thelander et al., 2018). Roles of auxin and cytokinin in the regulation of branching patterns are 

described in detail in Chapter 4. 

Aim of the chapter 

During the 3D growth phase of P. patens, the CLAVATA pathway likely acts at the subcellular level to regulate 

division plane orientation in buds, as well as stem cell proliferation and/or identity in gametophores 

(Whitewoods et al., 2018). However, CLAVATA pathway genes are also expressed in protonemata. In this 

chapter I will describe how CLAVATA pathway components regulate protonemal development.  
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METHODS 

Lines used for expression analysis 

Promoter::NGG lines used in expression analyses were generated by Dr Xiao Wang (PpCLV1a::NGG) or Dr 

Yasuko Kamisugi and Dr Andrew Cuming (Leeds Moss Transformation Service, all other lines). These contain 

promoter fragments driving the expression of a nuclear localised GUS/GFP fusion protein (NGG). 

PpCLE1::NGG, PpCLE2::NGG, PpCLE7::NGG, PpCLV1a::NGG, PpCLV1b::NGG and PpRPK2::NGG lines were 

published in Whitewoods et al. (2018), while PpCLE3::NGG, PpCLE4::NGG, PpCLE5::NGG, PpCLE6::NGG, 

PpCLE8::NGG and PpCLE9::NGG have not yet been published. The standard staining time was 2.5 h for 

PpCLE3::NGG, PpCLE4::NGG, PpCLE5::NGG, PpCLE6::NGG, PpCLV1b::NGG and PpRPK2::NGG, 5 hours for 

PpCLE2::NGG, PpCLE8::NGG, PpCLE9::NGG and PpCLV1a::NGG, and 7.5 hours for PpCLE1::NGG and 

PpCLE7::NGG. In overstaining conditions, the staining time was tripled and the FeCN concentration was raised 

to 2 mM (See Chapter 2 – Methods).  

Phenotyping – Plant shape 

To phenotype mutant lines and perform pharmacological treatments, a maximum of 16 spots of protonemal 

tissue were inoculated in square plates (Thermo Fisher Scientific, Cat n. 109-17) containing 100 ml of media 

and grown in either continuous light or long day conditions. Plants were grown either on BCDAT or BCD 

media; the latter has the same composition of BCDAT media except that it lacks ammonium tartrate. To 

quantify plant shape, the area and perimeter of 4 week-old colonies were measured using FIJI to manually 

draw around plants from images taken using a Keyence VHX-1000 microscope with a 10 x objective. These 

values were used to calculate the Perimeter Ratio, the ratio between the measured perimeter and the 

perimeter of a perfectly circular plant with the same area. Therefore, a perfectly circular plant would have a 

Perimeter Ratio value of 1, and higher values represent an increase in the perimeter without a corresponding 

increase in area, and therefore more irregular plant shapes. 
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Phenotyping - Protonemal cell identity 

To define protonemal cell identity, I adapted an approach established by (Coudert et al., 2019b). 

Protonemata extending from the margins of 4-week-old plants were dissected and stained with 0.3 % 

Toluidine Blue (Fluka) for 2 minutes and washed in deionized water prior to mounting on slides with 

coverslips.  Protonemata were imaged using a Leica optical microscope (light transition) with a 40 X objective 

or a Keyence VHX-1000 microscope with a 50-200 X objective. The first subapical cell of the main protonemal 

filament and the second cell in the first protonemal branch comprising at least three cells were imaged, and 

their length and obtuse cell division angle of were measured using the “Straight line” and “Angle” tools in 

FIJI.  

Spore cultures 

To harvest spores, mature sporogonia were collected in sterile conditions, incubated in 10 % sodium 

hypochlorite (bleach) for 5 minutes and washed three times with sterile water. Sporogonia were then 

refrigerated or ruptured in sterile water and spores were plated on Spore Medium and germinated in 

continuous light. Spore Medium composition is the same as BCDAT media except that it lacks Trace Elements 

Solution and [CaCl2] is increased to 10 mM. 

To stain sporelings, spores were propagated on 325P cellulose discs (AA Packaging Limited). These were later 

lifted from plates and immersed in 10 ml staining solution. After incubation, the staining solution containing 

the germinating spores was placed at 4 °C for 10-30 minutes to stop the staining. Spores were collected, 

placed on slides and imaged immediately using a Leica transmitted light microscope. No de-staining was 

performed. 

Statistical analyses  

All statistical analyses were performed using RStudio, with One-way or Multi-way ANOVA followed by Tukey’s 

test.  
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RESULTS 

New promoter::NGG lines were generated for the remaining CLE genes 

To have a complete picture of CLE expression patterns in P. patens, new promoter::NGG reporter lines for 

PpCLEs whose expression was uncharacterized in previous work (Whitewoods et al., 2018) were engineered 

by Dr Yasuko Kamisugi and Dr Andrew Cuming at the University of Leeds Moss Transformation Service (Figure 

3.2), namely PpCLE3::NGG, PpCLE4::NGG, PpCLE5::NGG, PpCLE6::NGG, PpCLE8::NGG and PpCLE9::NGG. 2 kbp 

fragments of each promoter were PCR-amplified, cloned into the PIG1NGG vector and inserted into the PIG 

locus of the P. patens genome by gene targeting (Figure 3.2A). Insertion copy numbers were verified by 

Southern analysis by Dr Yasuko Kamisugi and Dr Andrew Cuming prior to my expression analyses (Figure 

3.2B).  

New promoter::NGG lines showed consistent expression patterns  

Two or three lines with single insertion of each promoter::NGG cassette,  were stained and showed similar 

expression patterns (Figure 3.3, Figure 3.4). In 3/4 week-old plants, signal was detected in both 

gametophores and protonemal tissue for all lines (Figure 3.3). Adult gametophores with 9-12 phyllids were 

dissected for a more detailed analysis of expression patterns. Gametophores of PpCLE3::NGG lines stained in 

the apex and in newly arising branch meristems at the gametophore base (Figure 3.4). Apical staining was 

also present in PpCLE4::NGG gametophores together with rhizoid staining, while PpCLE5::NGG gametophores 

showed staining exclusively in the rhizoids from early emergence. Whilst PpCLE6::NGG signal was detected 

in the gametophore axis, both PpCLE8::NGG and PpCLE9::NGG signal was present in phyllids, but in distinct 

domains: PpCLE8::NGG was predominantly expressed at the bottom of expanded phyllids while PpCLE9::NGG 

was present in the midrib of developing phyllids. The consistency of expression patterns between 

independent lines indicated that further expression analysis could be performed on just one line per 

genotype.   
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Figure 3.2) Strategy for generation of promoter::NLSGUSGFP reporter lines. (A) Promoter fragments of PpCLE3, 

PpCLE4, PpCLE5 and PpCLE6 of varying lengths and including 5’UTRs were PCR amplified and cloned into the SmaI site 

of the PIG1NGGII vector (Ishikawa et al. 2011) with an NptII casette in place of the BSD cassette. For PpCLE8 and PpCLE9 

reporter lines, the first few amino acids of the coding sequence were also PCR amplified with promoter fragments. All 

transgenes were delivered into plants as PmeI fragments. Lines were screened first by PCR using PIGF2 and gene specific 

SCREEN primers, and PIGR2 and G6TERMF primers (Whitewoods et al. 2018) to ensure correct integration. (B) Southern 

analysis with a construct-specific probe following HindIII or ScaI digestion. Lines labelled with asterisks were used to 
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verify expression patterns. Figure and legend for Nemec Venza et al. (in prep) put together by Dr Jill Harrison with data 

from Dr Yasuko Kamisugi and Dr Andrew Cuming. 

 
Figure 3.3) Two or three promoter::NGG lines per promoter showed consistent staining patterns at the whole plant 

level. GUS activity was detected for all the constructs in both protonemal tissue and gametophores, with PpCLE4::NGG, 

PpCLE5::NGG and PpCLE8::NGG showing the stronger protonemal expression in the central part of the plant. Standard 

staining conditions were used. Scalebar = 5 mm.  
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Figure 3.4) Expression patterns in dissected gametophores from newly generated PpCLE::NGG lines. PpCLE3::NGG 

gametophores showed staining in the gametophore apex and branch meristems at the gametophore base (arrowheads), 

together with weak leaf expression. PpCLE4::NGG gametophores stained in the apex, in rhizoids and weakly at the base 

of mature phyllids. PpCLE5::NGG was expressed in rhizoids from early emergence. PpCLE6::NGG signal was detected 

along the whole gametophore axis. PpCLE8::NGG was expressed in the upper portion of developing phyllids and at the 

base of fully developed phyllids. PpCLE9::NGG was expressed in the midrib of developing phyllids and in conductive 

tissues. Standard staining conditions were used. Scalebars = 1 mm.  
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CLAVATA genes are not expressed during spore germination, but expression is upregulated at the 

onset of caulonemal development 

To investigate when CLAVATA expression first arises during development, spores from previously established 

PpCLE1::NGG, PpCLE2::NGG, PpCLE7::NGG, PpCLV1a::NGG, PpCLV1b::NGG and PpRPK2::NGG lines 

(Whitewoods et al., 2018) and newly engineered PpCLE3::NGG, PpCLE4::NGG, PpCLE5::NGG, PpCLE6::NGG, 

PpCLE8::NGG, PpCLE9::NGG lines were used. Spores were germinated and grown for 2 to 11 days prior to 

staining and imaging (Figure 3.5, Figure 3.6A). Whilst no signal was detected in any line at germination, 

PpCLE3::NGG, PpCLE9::NGG and PpCLV1a::NGG plants comprising primary chloronemata showed expression 

signal. In contrast, following the differentiation of caulonemata, expression was observed in tip cells from all 

promoter::NGG lines, and was more intense and more frequently observed in caulonemata rather than 

chloronemata tip cells (Figure 3.6A). Thus, CLAVATA expression in sporelings is upregulated in caulonemal 

tip cells. 

CLAVATA genes are preferentially expressed in caulonemal tip cells in protonemata from adult 

plants 

To observe expression in both caulonemata and chloronemata from adult plants, I then dissected filaments 

extending from the plant margins from all promoter::NGG lines (Figure 3.6B). Whilst no signal was detected 

in PpCLE1::NGG, PpCLE8::NGG or PpCLV1a::NGG lines, the promoters of PpCLE2, PpCLE3, PpCLE4, PpCLE5, 

PpCLE6, PpCLE7 and PpCLE9 were active in tip cells of caulonemal filaments. PpCLE5::NGG and PpCLE9::NGG 

stained intensely, with a gradient of expression that tapered from the tip and extended to lateral initials. 

PpCLV1b::NGG and PpRPK2::NGG expression was detected in overlapping domains: whilst the PpCLV1b 

promoter was more active in the second and third cells from the tip and in early branch initials, PpRPK2 

promoter activity was reported preferentially in caulonemal tip cells. Taken together these data indicate that 

CLAVATA expression is upregulated in caulonemal tip cells from adult plants, and that this expression pattern 

first arises in sporelings. Notably, PpCLV1b and PpRPK2 promoter-specific expression suggests that 

caulonemata tip cells are likely sites of CLE perception.  
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Figure 3.5) CLAVATA pathway genes are not strongly expressed during spore germination and early sporeling 

development. (A) Light micrographs of germinating spores. No expression was observed in any promoter::NGG line 

upon germination. (B) Light micrographs of sporelings comprising only chloronemal filaments. Expression was absent in 

the majority of sporelings of PpCLE1::NGG, PpCLE2::NGG, PpCLE4::NGG, PpCLE5::NGG, PpCLE6::NGG, PpCLE7::NGG, 

PpCLE8::NGG and PpCLV1b::NGG lines. Expression was present at the tip of some but not all chloronemal filaments in 

PpCLE3::NGG and PpCLE9::NGG lines. Diffuse expression was detected in PpCLV1a::NGG at the same stage. Numbers in 

each panel indicate the proportion of sporelings displaying a similar expression pattern. Overstaining conditions were 

used. Scale bar in (A) = 20 µm, (B) = 50 µm. 
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Figure 3.6) Caulonema tip cells are likely sites of CLE peptide production and perception. (A) Sporelings comprising a 

mix of chloronemata and caulonemata showed expression in all promoter::NGG lines. Signal was absent or weak in 

chloronemal cells, but became stronger in caulonemal apical cells (black arrowheads). (B) Stitched light micrographs 

showing promoter::NGG reporter expression in foraging filaments dissected from adult colonies. Although no signal was 

detected in PpCLE1::NGG, PpCLE8::NGG or PpCLV1a::NGG lines, all other lines accumulated stain in caulonemata tip 

cells. Stain was also detected in a subset of lines in other caulonemal cells (PpCLE5::NGG, PpCLE6::NGG, PpCLE9::NGG, 

PpCLV1b::NGG, PpRPK2::NGG), in new initials (PpCLE4::NGG, PpCLE5::NGG, PpCLE7::NGG, PpCLE9::NGG, 

PpCLV1b::NGG, PpRPK2::NGG) or in chloronemal branches (PpCLE9::NGG). When signal was extended, it formed a 

gradient of expression intensity tapering from the caulonemal apical cell. Both PpCLV1b::NGG and PpRPK2::NGG 

accumulated stain in caulonemal apical cells and new branch/bud initials, but PpRPK2::NGG stained more strongly in 

the caulonemal apical cell and a subset of samples showed only this signal (4/37), while a subset of PpCLV1b::NGG 

samples accumulated signal only in the branch initials (12/56). Numbers in each panel indicate the proportion of 

filaments displaying similar expression patterns. Black arrowheads indicate the strongest expression, grey arrows 

indicate weaker expression. Overstaining conditions were used. Scale bar in (A) = 50 µm, (B) = 200 µm. 
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Differences in plant shape were described using Perimeter ratio 

To investigate roles for CLAVATA in protonemal development, overall plant spread in wild-type and mutant 

plants were quantified (Figure 3.7). A measure of plant shape, the perimeter ratio, was also quantified. This 

reflects the circularity of plant spread such that a value of 1 corresponds to a perfectly circular shape, and 

higher values indicate an increase in the perimeter without an increase in the area, resulting in more irregular 

shapes (Figure 3.7B-E). Irregular plant shapes in P. patens have previously been interpreted as a sign of 

increased production of foraging protonemata, consisting of a main caulonemal filament with chloronemal 

side branches, as opposed to a regular plant margin which consists of branching chloronemal filaments (Jang 

& Dolan, 2011; Pires et al., 2013; Tam et al., 2015; Lavy et al., 2016). 

CLAVATA genes affect plant spread and shape 

Plant spread and shape was quantified from four different experimental replicates: in the first and second 

replicates plants were grown in continuous light, while in the third and fourth replicates long day conditions 

were used. When grown in continuous light, PpcleAmiR4-7, Ppclv1a, Ppclv1b, Ppclv1a1b and Pprpk2 mutants 

had a larger areas than wild-type plants, with Pprpk2 mutants being the largest (Figure 3.7B-C). Perimeter 

ratio values were consistently greater than wild-type in Ppclv1a, Ppclv1b and Pprpk2 mutants indicating more 

irregular plant shapes and higher production of foraging protonemata. Ppclv1a1brpk2 mutants were not 

included in these two replicates as this mutant line was not available at the time. In third and fourth 

replicates, which were grown under long day conditions, only PpcleAmiR4-7, Pprpk2 and Ppclv1a1brpk2 

plants had consistently larger areas than wild-type plants, with Ppclv1a1brpk2 having the greatest spread 

(Figure 3.7D-E). Pprpk2 and Ppclv1a1brpk2 plants had consistently larger perimeter ratios than wild-type 

plants, and in the fourth replicate PpcleAmiR4-7 plants have a more uniform shape than wild-type plants. 

These results show increased but uniform protonemal growth in PpcleAmiR4-7 mutants, whereas the 

increased plant spread of Pprpk2 and Ppclv1a1brpk2 mutants was combined with more irregular shapes.  
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Ppclv1a, Ppclv1b and Ppclv1a1b measures were inconsistent between replicates  

It is important to note that in the first, second and fourth replicate, Ppclv1a line 18 and Ppclv1b line 2 were 

used (Figure 3.7B, C, E), however in the third replicate Ppclv1a line 32 and Ppclv1b line 9 were used instead 

(Figure 3.7D). While Ppclv1a line 18, Ppclv1b line 2 and Ppclv1b line 9 were confirmed as mutants in work for 

the Whitewoods et al. (2018) paper correction (see Chapter 2), Ppclv1a line 32 did not have a mutation in 

the PpCLV1a gene, thus data from Ppclv1a line 32 were discarded. Whole plant measurements were not 

consistent between Ppclv1a, Ppclv1b or Ppclv1a1b plants grown in continuous light or long day conditions, 

indicating that light availability may affect CLAVATA function. Area measurements showed that Ppclv1a1b 

plants were larger than wild-type plants when grown in continuous light but not when grown in long day 

conditions. Although Ppclv1a and Ppclv1b plants were larger and more irregularly shaped than wild-type 

plants when grown in continuous light, they behaved like wild-type plants when grown in long day conditions.  

Differences in nitrogen availability do not alter clavata mutant phenotypes 

Nitrogen availability affects filament growth in P. patens, with low nitrogen availability stimulating foraging 

filaments growth (Thelander et al., 2005). To test whether clavata mutant phenotypes were sensitive to 

nitrogen content, I grew wild-type and mutant plants on standard BCDAT media or on BCD media which lacks 

ammonium tartrate (Figure 3.8). Except for Ppclv1b mutants which retained the same shape, plants of all 

genotypes were smaller and more irregularly shaped when grown on BCD media. Interestingly, the irregular 

shape of PpcleAmiR plants on BCD media did not reflect increased production of foraging filaments, but the 

formation of lobes around the edge of the plant. While PpcleAmiR4-7 mutants had a significantly larger 

spread than wild-type plants only when grown on BCDAT media, Pprpk2 and Ppclv1a1brpk2 plants were 

significantly larger and had higher perimeter ratios than wild-type plants on both media. Ppclv1a1b mutant 

perimeter ratios were higher than wild-type ratios only in plants grown on BCD media, while area was similar 

to wild-type plants. Despite being grown in long day conditions, Ppclv1a and Ppclv1b mutants had higher 

perimeter ratios than wild-type plants in both media, indicating that their variable phenotype might not 
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depend on light availability. Overall, all lines respond to changes in nitrogen availability, and Pprpk2 and 

Ppclv1a1brpk2 mutants produce more foraging filaments in both high and low nitrogen conditions. 

 
Figure 3.7) CLAVATA pathway components regulate plant shape. (A) Images of 4-week-old plants grown in continuous 

light showing overall morphology. Scalebar = 5 mm. (B-C) Quantification of Area and Perimeter ratio from plants grown 
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in continuous light. PpcleAmiR4-7, Ppclv1a, Ppclv1b, Ppclv1a1b and Pprpk2 all had consistently larger areas than wild-

type plants, and Ppclv1a, Ppclv1b and Pprpk2 also had consistently increased Perimeter ratios. Pprpk2 had a larger Area 

and higher Perimeter ratio values than other mutants. (D-E) Quantification of Area and Perimeter ratio from plants 

grown in long day conditions. PpcleAmiR4-7, Pprpk2 and Ppclv1a1brpk2 areas were consistently larger than wild-type, 

and Pprpk2 and Ppclv1a1brpk2 mutants were larger than other mutants with larger Perimeter ratios. PpcleAmiR1-3 line 

24, PpcleAmiR4-7 line 4, Ppclv1a line 18, Ppclv1b line 2, Ppclv1a1b line 6, Pprpk2 line 38 and Ppclv1a1brpk2 line 2 were 

used in the first, second and fourth replicate. However, in the third replicate Ppclv1b line 9 and Ppclv1a line 32 were 

used. Data from Ppclv1a line 32 were later discarded as no mutation in PpCLV1a locus was identified. Same letter 

indicates no significant difference between groups (n ≥ 29; One-way ANOVA and Tukey test; p < 0.05).   

 

 
Figure 3.8) Variability of phenotype on media with and without ammonium tartrate. (A) Light micrographs of 4 week-

old plants grown on either BCDAT or BCD media in long day conditions. Scalebar = 5 mm. (B) Quantification of Area and 

Perimeter ratios of plants grown on BCDAT or BCD media. Plant area was slightly smaller in all lines when grown on BCD 

media, with the decrease being significant in WT, PpcleAmiR1-3, PpcleAmiR4-7, Ppclv1b and Ppclv1a1brpk2 (Lines and 

asterisks). Similarly, Perimeter ratio values were significantly higher in all plants grown on BCD media except Ppclv1b. 

On both media Pprpk2 and Ppclv1a1brpk2 mutant areas were larger than wild-type areas, while PpcleAmiR4-7 was 

larger than wild-type plants only on BCDAT media (Letters). Ppclv1a, Ppclv1b, Pprpk2 and Ppclv1a1brpk2 mutant 

Perimeter ratio values were higher than wild-type values in both media, while Ppclv1a1b plants had more irregular 

shapes than wild-type plants only on BCD media. Lines used: PpcleAmiR1-3 line 24, PpcleAmiR4-7 line 4, Ppclv1a line 18, 

Ppclv1b line 2, Ppclv1a1b line 6, Pprpk2 line 38, Ppclv1a1brpk2 line 2. Asterisks indicate significant difference between 

the same genotype grown on different media. Same letter of the same colour indicates no significant difference 

between genotypes grown on the same media (n ≥ 31; Two-ways ANOVA and Tukey test; p < 0.05).    
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PpcleAmiR1-3, Pprpk2 and Ppclv1a1brpk2 foraging protonemata display abnormal apical 

dominance. 

Since the analysis of whole plant shape in some clavata mutants indicated defects in the amount foraging 

protonemata produced, I examined its morphology in detail. Foraging protonemata were dissected from 

wild-type and mutant plants from the fourth replicate (Figure 3.7E), stained with toluidine blue and imaged. 

Differences in apical dominance were quantified by comparing the length of the main filament from the tip 

to the base of the first branch with at least three cells to the length of the corresponding branch (Figure 3.9). 

In wild-type foraging protonemata the caulonemal main filament length was 3.74 ± 1.25 times the length of 

the first chloronemal branch with at least three cells, and PpcleAmiR4-7, Ppclv1a, Ppclv1b and Ppclv1a1b 

mutant filaments did not show any differences from wild-type plants. However, PpcleAmiR1-3 mutant 

filaments had lower apical dominance than wild-type plants: the main filament was 2.41 ± 0.59 times longer 

than the side branch. Instead Pprpk2 and Ppclv1a1brpk2 foraging protonema showed stronger apical 

dominance, with the main filament being respectively 8.60 ± 2.57 and 6.18 ± 1.80 times longer than the side 

branch. Overall, these data suggest that increased apical dominance of Pprpk2 and Ppclv1a1bpk2 foraging 

filaments contributes to the generation of irregular plant shape. 
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Figure 3.9) CLAVATA pathway components regulate apical dominance in foraging protonemata. (A) Light micrographs 

of toluidine stained and dissected protonemal filaments, showing differences in apical dominance and cell morphology 

between genetic backgrounds. Scalebar = 200 µm. Blue dot marks the second cell of the first branch with at least three 

cells. Light blue dot marks the subapical cell in the main filament. (B) Quantification of apical dominance differences 

between genetic backgrounds. Apical dominance was quantified as the ratio between the length of the main filament 

from the tip to the base of the first branch with at least three cells, and the length of the corresponding branch filament. 

While PpcleAmiR1-3 filaments showed reduced apical dominance, Pprpk2 and Ppclv1a1brpk2 mutant foraging filaments 

showed stronger apical dominance than wild-type plants. Samples analyzed are from the fourth replicate shown in 

Figure 3.7. Same letter indicates no significant difference between groups (n ≥ 28; One-way ANOVA and Tukey’s test, p 

< 0.05). 
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Cell identity determination is defective in PpcleAmiR1-3 and Pprpk2 mutants 

While analyzing foraging protonemata morphology, it became apparent that differences in cell morphology 

were also present. More specifically, PpcleAmiR1-3 mutant cells in both the main filament and the side 

branches had well developed chloroplasts, while cells in Pprpk2 and Ppclv1a1brpk2 main filaments appeared 

paler than wild-type cells (Figure 3.10A). Hypothesizing that differences in apical dominance could be 

associated with cell identity defects, protonemal cell morphology was quantified from the same dataset 

(Fourth replicate, Figure 3.7E). In wild-type plants, protonemal cell morphology is related to cell identity 

because caulonemal subapical cells (subapical cells) are typically longer with more oblique cell division plane 

orientations than cells in chloronemal branches (branch cells) (Figure 3.10B-C). Therefore, length and cell 

division plane orientations were measured from subapical cells in main filaments and from the second cell of 

the first side branch containing at least three cells (Coudert et al., 2019b). Ppclv1a, Ppclv1b and Ppclv1a1b 

mutants showed no significant differences from wild-type plants with respect to subapical and branch cell 

length or cell division plane orientation (Figure 3.10B-C). However, PpcleAmiR1-3 mutants lost cell identity 

distinctions, lacking oblique cell divisions in subapical cells, and having longer branch cells than wild-type 

plants. PpcleAmiR4-7 mutant protonemata had longer subapical and branch cells than wild-type plants but 

retained distinct cell identities. Cell identity distinctions were enhanced in Pprpk2 mutants, which had 

subapical cells that were longer with more oblique cell division plane orientations than wild-type cells. These 

differences were lost in Ppclv1a1brpk2 mutants. Taken together these data indicate that the CLAVATA 

pathway regulates cell identity determination in foraging protonemata. 
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Figure 3.10) CLAVATA pathway components regulate cell identity in protonemata. (A) Light micrographs of subapical 

and branch cells corresponding to the light blue and dark blue dots in Figure 3.9A. In wild-type protonemata subapical 

caulonemal cells had less well developed chloroplasts than branch chloronemal cells. All mutants shared this 

characteristic except PpcleAmiR1-3 mutants, in which the subapical and branch cells both have well developed dark 

green chloroplasts. Scalebar = 50 µm. (B) Quantification of cell shape differences between subapical and branch cells. 

Subapical cells and branch cells have distinct shapes in wild-type plants and in PpcleAmiR4-7, Ppclv1a, Ppclv1b, 

Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 mutants, while in PpcleAmiR1-3 mutants cell types are less distinct. Subapical cell 

and branch cell measurements partially overlap in all lines except Pprpk2. Light blue dots indicate subapical cells and 

the dashed pink circles indicate mean cell length and division plane orientation values; dark blue dots indicate branch 

cells and the dashed magenta circles indicate mean cell length and division plane orientation values. Asterisks indicate 

significant differences between caulonemal cells and choronemal cells in both cell length and division plane orientation 

(n ≥ 28; Two-way ANOVA and Tukey’s test: * = p < 0.05; ** = p < 0.01). (C) Quantification of cell shape differences 

between different genetic backgrounds. Subapical cells from Pprpk2 plants are longer and with more oblique cell 
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division planes than wild-type caulonemal cells. PpcleAmiR1-3 branch cells are longer than wild-type chloronemal cells 

and PpcleAmiR1-3 subapical cells have a less oblique cell division plane than wild-type caulonemal cells. Both subapical 

and branch cells from PpcleAmiR4-7 are longer than the corresponding wild-type cells. Samples for quantification were 

dissected from the fourth experimental replicate shown in Figure 3.7E.  (Two-way ANOVA and Tukey’s test;  n ≥ 28; * = 

pvalue < 0.05).  

 

PpcleAmiR1-3 protonemata are different from any protonemal type present in wild-type plants 

In P. patens wild-type plants smooth colony margins are generated by uniformly branching chloronemata 

(Border protonemata, Figure 3.1). Since PpcleAmiR1-3 colonies are regularly shaped and foraging 

protonemata is rare, I wished to confirm that the differences between wild-type and PpcleAmiR1-3 foraging 

protonemata were not an artefact of sampling border protonemata in the mutants. To do so I compared cell 

length and cell division angles of PpcleAmiR1-3 foraging protonemata to wild-type foraging and border 

protonemata (Figure 3.11). Samples were dissected from the first two replicates (Figure 3.7B-C). No 

difference was present between subapical and branch cells in wild-type border protonemata, but both cell 

types were longer than cells from chloronemal branches arising from foraging protonemata, indicating 

plasticity in chloronemal identity. In PpcleAmiR1-3 mutants, cells in both positions were longer than any wild-

type chloronemal cell and of a similar length to wild-type foraging subapical cells (caulonema). However, cell 

division angles of PpcleAmiR1-3 mutant cells were less oblique than in wild-type caulonemata, and either 

similar to wild-type chloronemal cells or different from both cell types, indicating that protonemal cells in 

PpcleAmiR1-3 mutants are different from any protonemal cell type present in wild-type plants.  
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Figure 3.11) PpcleAmiR1-3 foraging protonemata are different from wild-type border protonemata. In wild-type 

foraging protonemata branch cells (chloronema) are shorter and with more transverse cell division planes than 

subapical cells (caulonema). In wild-type border protonemata cells in both positions have chloronemal identity and are 

slightly longer than branch cells from foraging protonemata. In PpcleAmiR1-3 mutants foraging filaments are short and 

close to border protonemata filaments, and both subapical and branch cells are longer than any wild-type chloronema, 

while having a more transverse cell division angle than wild-type caulonema, indicating mixed cell identity. Samples 

were dissected from the first and second replicate from Figure 3.7B-C. (Two way ANOVA and Tukey’s test;  n ≥ 44; * = 

pvalue < 0.05). 
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DISCUSSION  

Although CLAVATA pathway was shown to have fundamental roles in the 2D to 3D growth transition in P. 

patens (Whitewoods et al., 2018), its role in other developmental contexts was undetermined. Here I show 

that the P. patens CLAVATA pathway additionally regulates 2D growth by modulating protonemal cell identity 

and therefore plant shape.  

Sampling strategy for protonemal identity determination 

Protonemal apical cells are a fascinating system for the study of cell identity regulation because they are able 

to acquire two distinct stem cell identities, which can be distinguished by looking at their daughter cells’ 

morphology. However, chloronemata and caulonemata in the center of wild-type plants are difficult to study 

because entwined protonemata influence each other’s growth and are mixed with rhizoids. The smooth 

margin of wild-type plants is uniformly constituted of chloronemata with low apical dominance (Border 

filaments), and therefore has limited use in studying the determination of protonemal identities. For these 

reasons I sampled mainly foraging protonemata which extend out from the colony margin. In these filaments 

systems the main filament can usually be identified as caulonema, and the branches can usually be identified 

as chloronemata. This sampling strategy enabled the simultaneous observation of both chloronemata and 

caulonemata in a context where the interactions with neighboring filaments were minimal, allowing 

consistent comparison between wild-type and mutant plants.  

Ppclv1a and Ppclv1b phenotypes are variable between replicates 

Nitrogen availability and light intensity affect P. patens plant spread and protonemal identity by acting on 

the C/N balance (Thelander et al., 2005), and CLE genes regulate root and nodule development in response 

to nitrogen status in flowering plants (Araya et al., 2014b; Lim et al., 2014). In order to dissect the specific 

interactions between CLAVATA genes and light and nitrogen availability more experiments and larger 

replication would be needed. Instead, here I studied how these factors affect plant shape in clavata mutants 

to discriminate robust and variable mutant phenotypes. The latter were found in Ppclv1a, Ppclv1b and 
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Ppclv1a1b mutants, whose size and shape differences from wild-type plants were subtle and variable 

between experimental replicates. In particular, Ppclv1a and Ppclv1b plants had increased areas and 

perimeter ratios than wild-type in both replicates grown in continuous light (Figure 3.7B), but when grown 

in long day conditions this phenotype appeared inconsistently (Figure 3.7C, Figure 3.8). Therefore, PpCLV1a 

and PpCLV1b likely have a lesser role in the regulation of protonemal identity compared to PpRPK2. 

PpRPK2 has a primary role in the regulation of protonemal development 

On the other hand, Pprpk2 and Ppclv1a1brpk2 plants consistently showed increased areas and perimeter 

ratios across all growth conditions, indicating that PpRPK2 holds a dominant role not only in gametophore 

development, but also in protonemal development, and in the regulation of overall plant shape. Interestingly, 

Pprpk2 mutants not only produced a higher number of foraging protonemata, hinting at a de-repression of 

the chloronema-to-caulonema transition, but the foraging protonemata also contained filaments with 

extremely polarized cell identities. This suggests a role for PpRPK2 in the establishment and maintenance of 

repression of caulonemal identity, and PpRPK2 regulates both the quantity and the quality of caulonemal 

filaments (Figure 3.12).  

 

Figure 3.12) PpRPK2 represses the chloronema to caulonema transition. The main conclusion of Chapter 3 is that 

PpRPK2 gene has a role in the regulation of cell identity in P. patens protonemata.  

 

Expression patterns could explain different phenotype strengths 

To understand whether CLAVATA pathway gene expression was related to protonemal identity we used 

previously published (PpCLE1::NGG, PpCLE2::NGG, PpCLE7::NGG, PpCLV1a::NGG, PpCLV1b::NGG, 

PpRPK2::NGG) and newly engineered (PpCLE3::NGG, PpCLE4::NGG, PpCLE5::NGG, PpCLE6::NGG, 

PpCLE8::NGG, PpCLE9::NGG) promoter::NGG reporter lines.  All the new promoter::NGG lines analyzed 

showed expression in at least one biological context (i.e. PpCLE8::NGG was not expressed in foraging 
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protonemata, but signal was present in gametophore leaves). Furthermore, expression of all PpCLE::NGG 

lines is present in the apical cell of caulonema in sporelings, and the expression patterns differ in signal 

intensity more than localization, suggesting a high functional overlap between peptide-encoding genes. On 

the contrary, PpCLV1a::NGG, PpCLV1b::NGG and PpRPK2::NGG expression patterns, while still partially 

overlapping, are also distinct. PpCLV1a::NGG expression is strong in sporelings but no signal is detected in 

foraging protonemata, where PpCLV1b::NGG and PpRPK2::NGG signal is present in the caulonema tip region. 

PpRPK2::NGG expression in stronger in the apical cell while PpCLV1b::NGG is stronger in the subapical cells 

and branch initials. Since apical cell activity determines filament growth and identity, and consequently plant 

shape, this difference in expression patterns could explain why mutations in PpRPK2 cause stronger 

phenotypes than in PpCLV1b. Overall, all CLAVATA genes show preferential expression in caulonema tip cells.  

PpcleAmiR mutants show robust but distinct phenotypes 

The PpcleAmiR4-7 mutant phenotype was consistent, and mutants displayed increased but uniform growth 

in all experimental conditions. This indicates that some of the peptide-encoding genes downregulated in this 

line have a role in plant spread. Defects in protonemal cell morphology were found in both PpcleAmiR lines, 

with PpcleAmiR4-7 caulonemal and chloronemal cells being larger than wild-type cells, and PpcleAmiR1-3 

mutant cells having mixed identities. It is interesting to notice that in the latter abnormalities at the 

protonemal cell level do not affect colony spread or shape. However, since the perimeter ratio value cannot 

go below 1, and wild-type values are just above 1, mutants with a more uniform plant shape than wild-type 

plants would not be identified by this measurement. 

PpCLE5 and PpCLE9 could be the genes responsible for PpcleAmiR phenotypes 

While PpcleAmiR4-7 contains an amiRNA construct targeted against PpCLE4, PpCLE5, PpCLE6 and PpCLE7, 

with PpCLE7 downregulation previously confirmed by RT-PCR, the PpcleAmiR1-3 construct was designed to 

target PpCLE1, PpCLE2 and PpCLE3 (downregulation of PpCLE1 and PpCLE2 was previously confirmed), but it 

is likely to also target PpCLE8 and PpCLE9, as these genes all encode the same peptide (Goad et al., 2017; 

Whitewoods et al., 2018). Since PpCLE5::NGG and PpCLE9::NGG are the lines showing the strongest signal in 
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foraging protonemata, PpcleAmiR4-7 mutant area and cell size defects could reflect abrogation of PpCLE5 

function, and the PpcleAmiR1-3 mutant mixed identity phenotype could be due to the lack of PpCLE9 

expression. However, these hypotheses would need to be verified by checking the levels of expression of 

PpCLE5 and PpCLE9 in both PpcleAmiR mutant backgrounds. In summary, despite the overlapping expression 

patterns of PpCLEs, the distinct phenotypes of PpcleAmiR1-3 and PpcleAmiR4-7 indicate that PpCLEs regulate 

protonemal development in different ways. 

CLAVATA pathway genes regulate apical dominance  

Protonemal apical dominance arises by increased growth of the main filament relative to the side branches 

(Coudert et al., 2019a). In Pprpk2 and PpcleAmiR1-3 mutants, apical dominance defects are coupled with cell 

identity defects, even though cell number is also likely to play a role. Interestingly, differences in apical 

inhibition, or some other form of growth coordination between the main filament and the side branches, 

would be required to establish these phenotypes. While PpCLV1b::NGG and PpRPK2::NGG are expressed in 

the main filament, no receptor-encoding gene expression was detected in the side branches. Thus, even if 

CLAVATA genes regulate apical dominance, their effect on side branch development is likely to be indirect. 

The identity of the signal mediating this effect is unknown. 

clavata phenotypes could be caused by differences in cytokinin or auxin homeostasis  

In P. patens, the transition from chloronemal to caulonemal identity is regulated by light quality and quantity, 

C/N ratio, cytokinin and auxin. While some weak clavata phenotypes could depend on an interaction with 

environmental factors as light intensities or the composition of media in Ppclv1a and Ppclv1b mutants, the 

strongest phenotypes in Pprpk2 mutants appear to arise independently of growth conditions. Thus, PpRPK2 

could function by interacting with other endogenous factors, like cytokinin or auxin. 

The typical response to cytokinin treatment or accumulation in P. patens is the overproduction of buds, 

associated with a reduced colony area (Ashton et al., 1979b; von Schwartzenberg et al., 2016). These 

characteristics, together with the analysis of filament morphology, have been used to identify mutants with 

an elevated cytokinin content (Ashton et al., 1979a). Roles for cytokinin in protonemal branching are 
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dependent on the developmental context: cytokinin treatment promotes chloronemal branching but 

represses caulonemal branching, possibly by favoring bud identity over chloronemal identity (Russell, 1993; 

Thelander et al., 2005; Coudert et al., 2019b). A bud overproduction phenotype typically associated with 

elevated cytokinin levels is present in clavata mutants (Whitewoods et al., 2018), together with increased 

plant spread. Therefore, it seems unlikely that clavata mutant phenotypes can be explained by an increase 

in total cytokinin content. However, they could be caused by a shift in the cytokinin profile, as only certain 

types of cytokinins induce the budding response (von Schwartzenberg et al., 2007), or to a reduced sensitivity 

to cytokinin in protonemal apical cells.  

CLAVATA might also act on auxin homeostasis or response as it is known that cytokinin antagonizes auxin 

action in P. patens as it does in flowering plants (Moubayidin et al., 2009; Prigge et al., 2010). Auxin treatment 

in P. patens causes an increase in plant area by promoting the formation of caulonemata, while constitutive 

auxin response reduces plant area (Ashton et al., 1979b; Jang & Dolan, 2011; Lavy et al., 2016). Auxin also 

inhibits hyper branching. Plants treated with the auxin synthesis inhibitor L-kynurenine, as well as plants 

overexpressing PpPIN auxin efflux carriers, have increased branching frequencies, with multiple branches 

arising from a single cell (Thelander et al., 2018). High auxin levels inhibit chloronemal branching, but do not 

inhibit the regular formation of secondary chloronemata from caulonemata (Thelander et al., 2005; Eklund 

et al., 2010b). The presence of an auxin gradient in caulonemata has been hypothesized by many authors but 

never directly demonstrated, and is thought to be responsible for apical dominance in caulonemata 

(Thelander et al., 2018; Coudert et al., 2019a). The formation of such a gradient with a maximum in the tip 

cell is suggested by the distal orientation of PpPIN proteins in protonemal cells (Viaene et al., 2014). However, 

an opposite gradient of auxin sensitivity has been recently identified, with an auxin sensing minimum in 

protonemal and rhizoid tip cells. Interestingly, a DR5 transcriptional reporter is upregulated in these same 

cells (Thelander et al., 2019). While these results are not necessarily contrasting, they highlight how complex 

the spatial regulation of auxin movement and response could be along a protonemal filament. Thus, the 

effect of CLAVATA on caulonema production and apical dominance could be due to defects in auxin synthesis, 

transport and/or response.  
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It is possible that CLAVATA does not act specifically on one process, but instead it selectively shifts the balance 

between auxin and cytokinin in certain developmental contexts. In the next chapter I will focus on the 

interactions between CLAVATA pathway and the hormones auxin and cytokinin to explain how the described 

phenotypes might arise. 
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CHAPTER 4 

CLAVATA represses caulonemal identity 

by regulating auxin homeostasis 

 

ABSTRACT 

Auxin and cytokinin regulate the developmental transition between photosynthetic chloronemal identity and 

foraging caulonemal identity in P. patens. In this chapter, I investigate possible links between CLAVATA and 

auxin and cytokinin in the regulation of protonemal development. Using pharmacological treatments and 

direct hormone quantification, I show that clavata mutants are hypersensitive to cytokinin but do not have  

altered cytokinin metabolism. Because cytokinin and auxin antagonize each other’s function, I used a similar 

approach to show that protonemal clavata mutant phenotypes are dependent on auxin synthesis, and 

clavata mutants have altered auxin metabolism, transport and morphological response. Thus, I propose that 

CLAVATA affects cell identity in moss protonema by regulating auxin homeostasis.  

  



111 
 

INTRODUCTION 

Auxin and cytokinin can antagonize each other or act synergistically to regulate P. patens development as 

they do in flowering plants (Moubayidin et al., 2009; Prigge et al., 2010; Aoyama et al., 2012; Lavy et al., 

2016). As an example, plant spread and caulonemal development are promoted by auxin, but repressed by 

cytokinin, while auxin enhances cytokinin-mediated bud production (Ashton et al., 1979b; Aoyama et al., 

2012). Here I summarize what is known about the genetic regulation of auxin and cytokinin action in P. 

patens, focusing in particular on protonemal development.  

Different cytokinin types regulate P. patens development 

Cytokinins are a group of adenine derivatives, which can be classified as aromatic or isoprenoid cytokinins, 

with the latter being the most common. The four free isoprenoid cytokinin bases are N6-(Δ2-

isopentenyl)adenine (iP), trans-zeatin (tZ), cis-zeatin (cZ) and dihydrozeatin (DZ), and the relative abundance 

of each is species specific (Sakakibara, 2006). Cytokinin bases, and to a lesser extent their ribosides are the 

active forms which can be interconverted, while nucleotides, O-glucosides and other metabolites are 

inactive, but can function as storage forms (Kieber & Schaller, 2018). In P. patens, iP, tZ and their 

corresponding ribosides have the highest bud inducing activity, while cZ, cZR and all the ribotides do not 

induce bud formation (von Schwartzenberg et al., 2007). Besides bud formation, cytokinins regulate filament 

development and branching (Chapter 3), as well as phyllid and gametangium development (Chapter 5).  

Cytokinins synthesis in moss differs from synthesis in flowering plants 

Two biosynthetic pathways for cytokinin exist: the adenylate-dependent pathway and the tRNA-dependent 

pathway. The adenylate-dependent pathway can use AMP, ADP or ATP to produce iP, tZ and DZ-type 

cytokinins, and it is the prevalent pathway in flowering plants. The turnover of prenylated tRNA instead 

generates cZ-type cytokinins (Sakakibara, 2006). Two distinct families of isopentenyl-transferases (IPT) are 

responsible for the rate limiting step in each pathway. In P. patens, all IPT genes encoded in the genome are 

from the tRNA-IPT family, and cZ-type cytokinins are the most abundant group, suggesting the tRNA-



112 
 

dependent pathway could be prevalent (von Schwartzenberg et al., 2007; Patil & Nicander, 2013; Lindner et 

al., 2014). PpIPT1 overexpression leads to both an increase in the overall amount of cytokinins and to a shift 

in their profile, as PpIPT1 overexpressors have more iP-type cytokinins and less tZ and cZ free bases. 

Consistently, PpIPT1oe mutants display reduced area, repression of caulonemal identity and increased 

gametophore density (Coudert et al., 2015, 2019b). In Ppipt1 mutants, tRNA prenylation and cZ-type 

cytokinins are strongly reduced, however iP- and tZ-types are increased. The resulting phenotype is again a 

reduction in plant spread, without any effect on bud development (Lindner et al., 2014). A Ppipt3 mutant has 

increased plant spread, suggesting lower cytokinin content (Coudert et al., 2019b). These studies indicate 

that an adenylate-dependent pathway in moss exists and is likely to involve PpIPT genes, however its 

regulation is not straightforward. The cleavage of cytokinin side chains irreversibly degrades cytokinins, and 

this reaction is catalyzed by cytokinin oxidase/dehydrogenase (CKX). The expression of AtCKX in P. patens 

reduces cytokinin levels and particularly the amount of iP-type cytokinins, leading to abnormal and irregular 

chloronema morphology, reduced budding, and smaller gametophores, while slightly different phenotypes 

are obtained by overexpression of PpCKX1 (von Schwartzenberg et al., 2007; Hyoung et al., 2020). Thus, iP-

type cytokinins could be the most effective type also in the inhibition of filament development. 

Cytokinin signaling has not been extensively studied in P. patens 

In land plants, cytokinins are perceived by CHASE domain-containing histidine kinase (CHK) receptors. When 

binding occurs, CHK self-phosphorylate, activating a histidine phosphotransmitter protein (HPT) which can 

enter the nucleus and activate two classes of Receptor Response transcription factors (RRA and RRB) 

(Rashotte, 2020). Two families of CHASE domain-containing histidine kinase (CHK) cytokinin receptors are 

present in P. patens: PpCHK1-3 are the canonical receptors, while PpCHK4-11 are from a bryophyte-specific 

family and their roles have not yet been characterized (Gruhn et al., 2014). PpCHK1-3 receptors slightly differ 

in their binding specificities for cytokinin types, as PpCHK2 preferentially binds iP. While all receptors play a 

role in bud induction, their role in filament development is ambivalent: single receptor mutants plants have 

reduced area compared to wild-type plants, while the triple mutant does not. Interestingly, a negative 

feedback loop between cytokinin synthesis and response is absent in P. patens because triple receptor 
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mutants have unaltered cytokinin levels (von Schwartzenberg et al., 2016). HPT proteins and RR transcription 

factors are present in P. patens genome but have not yet been studied, but RR transcription factors are 

necessary for normal development in Marchantia polymorpha (Pils & Heyl, 2009). Future studies will be 

needed to understand the mechanism of cytokinin response in P. patens. 

Auxin synthesis and degradation are conserved in moss 

The main pathway for auxin biosynthesis in flowering plants, as well as in P.patens, is tryptophan-dependent 

and relies on the activity of two biosynthesis enzymes: TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1 

(TAA1) converts tryptophan (TRP) in indole-3-pyruvic acid (IPyA), and then YUCCA flavin monooxygenases 

convert IPyA in the biologically active indole-3-acetic acid (IAA) (Zhao, 2018). In P. patens, PpTAA1 genes 

constitute the rate limiting step of auxin biosynthesis and are expressed in the gametophore apex as well as 

in developing gametangia (Landberg et al., 2021). Genes from the SHORT INTERNODE/STYLISH (SHI/STY) 

family, which in flowering plants promote auxin biosynthesis via the YUCCA genes, are expressed in rhizoids, 

caulonemal filaments and axillary hairs. Overexpressor lines have higher IAA content and a premature 

senescence phenotype which suggests the auxin levels might be toxic. Ppshi1 and Ppshi2 single mutants 

showed phenotypes related to their low auxin content such as reduced plant area and shorter gametophores. 

Interestingly, rhizoids developed more basally on Ppshi1 and Ppshi2 gametophores, but their growth was 

enhanced (Eklund et al., 2010b).  

In Arabidopsis, IAA can be inactivated by conjugation to amino acids or glucose or by oxidation (Zhao, 2018). 

All these auxin degradation products are present in bryophytes, with irreversible oxidation products being 

prevalent, suggesting enzymatic pathways might be conserved (Drábková et al., 2015). Two PpGH3 genes 

conjugate auxin to amino acids in P. patens. In agreement with conjugation having a minor role in bryophyte 

auxin catabolism, Ppgh3 mutants are hypersensitive to auxin treatment but are otherwise unaffected 

(Bierfreund et al., 2004; Ludwig-Müller et al., 2009). Future studies will hopefully elucidate the mechanism 

and spatio-temporal localization of auxin metabolism in P. patens.  
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Auxin transport regulates protonemal identity 

Although long-range polar auxin transport cannot be detected in P. patens gametophores (Fujita et al., 2008), 

bidirectional and localized auxin transport occur (Bennett et al., 2014b; Coudert et al., 2015) and four PpPIN 

genes have been found. Of these three are located on the plasma membrane and have a long loop domain 

(canonical PIN, PpPINA-C) and one has a short loop domain and localizes in the endoplasmic reticulum (non-

canonical PIN, PpPIND) (Bennett et al., 2014a; Viaene et al., 2014). PpPINA and PpPINB regulate gametophore 

development by removing auxin from the apex and developing leaves (Bennett et al., 2014b, Landberg et al., 

2021). In protonemata, expression of all PpPIN genes is upregulated in the tip cell. PpPINA and PpPINB 

transporters are polarly localized to the distal end of subapical cells and at the growing tip of apical cells, 

suggesting auxin is transported towards the tip of the filament and then in the media. Pppinab mutants and 

pACT::PpPINA overexpressors plants have opposite phenotypes: the first develop caulonemata prematurely, 

while the second are constituted only of chloronemata. Viaene et al. (2014) suggest that the lack of PpPIN-

mediated export raises intracellular auxin content, triggering an early chloronema to caulonema transition, 

while PpPIN overexpression reduces cellular auxin levels and prevents the transition. Other auxin 

transporters are present in the genome of P. patens, but their roles have not been characterized yet (Rensing 

et al., 2008). 

Auxin perception machinery is conserved between Arabidopsis and P. patens. 

In flowering plants, auxin can be perceived either on the cell surface or by nuclear receptors. The nuclear 

auxin perception and response machinery is conserved in P. patens, and it is the only one present (Lavy et 

al., 2016). Its de-repression system is functionally analogous to the Arabidopsis system: auxin triggers the 

interaction between its two receptors, PpAUX/IAA and the E3 ligase PpAFB, which leads to the degradation 

of PpAUX/IAA. Because PpAUX/IAA receptors are also transcriptional repressors, their degradation drives the 

expression of their targets, PpARF transcription factors, which regulate the expression of auxin responsive 

genes (Prigge et al., 2010; Weijers & Wagner, 2016). Auxin response in P. patens is dependent on three 

PpAUX/IAA genes, which regulate expression of a third of the genes in the genome. Mutations that make 
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PpAUX/IAA resistant to degradation, or silencing of PpAFB, generate small plants comprising only 

chloronemal filaments, which are insensitive to auxin treatment (Paponov et al., 2009; Prigge et al., 2010; 

Lavy et al., 2016). On the other hand, Ppaux/iaa triple mutants have a constitutive auxin response. 

Interestingly, Ppaux/iaa protonemata are not constituted solely by caulonemata, but lack distinct cell types 

(Lavy et al., 2016). A ratiometric reporter which can visualize the auxin signaling output at the cell level 

(PpR2D2) showed that minimal auxin sensing regions are found in all vegetative stem cells such as 

protonemal apical cells as well as bud and phyllid apical cells. This could be due to differences in the 

PpAUX/IAA to PpAFB ratio which could make stem cells less able to perceive auxin, or to a lower auxin 

concentration in stem cells (Thelander et al., 2019). 

Morphological responses to auxin in protonemata are regulated by PpARFb and PpRSL1/2 

transcription factors 

PpARFs can promote or repress transcription. The overexpression of repressing PpARF (PpARFb1-4) can 

recover the constitutive auxin response of Ppaux/iaa mutants, but Pparfb1-4 mutant plants have the same 

phenotype as overexpressors, highlighting the complexity of the auxin response pathway (Paponov et al., 

2009; Lavy et al., 2016). PpARFb as well as PpAUX/IAA are induced by auxin in a negative feedback loop, but 

PpAUX/IAA are stronger transcriptional repressors than PpARFb (Lavy et al., 2016). In chloronemata, PpARFb 

expression is spatially restricted to a subset of tip cells by trans-acting short interfering RNAs (tasiARFs). In 

the absence of tasiARFs, the expression domain of PpARFb expands to all chloronemal filaments, preventing 

their differentiation to caulonemata. The authors suggest that the repression of PpARFb by tasiARFs could 

make a seemingly random subset of chloronema apical cells competent for differentiation, while also 

generating a more robust auxin response (Plavskin et al., 2016). 

The transition to caulonemal identity is executed by two transcription factors, PpRSL1/2, which are necessary 

and sufficient to cause caulonemal development and are upregulated by auxin (Jang & Dolan, 2011). PpRSL 

genes acts as auxin effectors also in promoting rhizoid formation, highlighting the similarities between these 

two cell types. Interestingly, RSL genes also regulate auxin-mediated development of root hairs in Arabidopsis 

and Marchantia, suggesting their function is conserved (Jang et al., 2011; Pires et al., 2013; Proust et al., 
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2016). Since not all the cells lacking PpARFb expression differentiate to caulonemata, it is unlikely that PpRSL 

is a direct target of PpARFb1-4, but the link between the two has not yet been studied. Additionally, auxin 

positively regulates transcription of two LOTUS JAPONICUS ROOTHAIRLESS1-LIKE (PpLRL1/2) transcription 

factors, which are needed to promote transition to caulonemal identity and rhizoid development 

independently from PpRSL1/2 (Tam et al., 2015). 

Aims of the chapter 

Because auxin and cytokinin are fundamental regulators of the transition from chloronemal to caulonemal 

identity in P. patens, and PpRPK2 regulates protonemal identity, this chapter explores links between auxin, 

cytokinin and the CLAVATA pathway (Figure 4.1). I attempt to position hormone synthesis, transport and 

response relative to CLAVATA, in order to explain how clavata mutant phenotypes might arise. 

 

 
Figure 4.1) Hypothesis of PpRPK2 action via auxin and/or cytokinin. Dashed lines indicate the possible interactions that 

will be studied in this chapter. 
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METHODS 

Plant growth 

Plants were grown for 4 weeks in long day conditions. Phenotyping was carried out as detailed in Chapter 3. 

Pharmacological treatments 

1-Naphthaleneacetic acid (NAA, Cas n. 86-87-3) and 6-Benzylaminopurine (BAP, Cas n. 1214-39-7) stock 

solutions were prepared in 70% ethanol to a final concentration of 1 mM/100 µM and 100/10 µM 

respectively. L-kynurenine (L-kyn, Cas n. 2922-83-0) was dissolved in Dimethyl sulfoxide (DMSO, Cas n. 67-

68-5) to a final concentration of 100 mM. N-1-naphthylphthalamic acid (NPA, Cas n. 132-66-1) was dissolved 

in 1 ml DMSO, and then added to 49 ml of 70% EtOH to a final concentration of 5 mM. DMSO and ethanol 

stock solutions for control treatments were made at the same time and all stocks were stored at -20 ˚C, 

except for the NPA stock which was kept at 4 ˚C. Pharmacological reagents were added to warm BCDAT 

media prior to pouring. Sixteen plants were inoculated on each square plate containing 100 ml of media 

(Thermo Fisher Scientific, Cat n. 109-17). Final solvent concentrations in media were 0.01 % for DMSO and 

0.07 % for ethanol. Data collection was sometimes performed together with Connor Madden or Amy Stewart, 

as detailed in figure legends. 

P. patens lines  

Pind mutant lines were generated by Dr Tsuyoshi Aoyama by gene targeting, and PpPIND was substituted 

with a G418 resistance cassette.  

Hormone quantification 

To prepare samples for both hormone quantification and RNA extraction, protonemal cultures were grown 

in continuous light, homogenized and sub-cultured every 5 days for three times. 5-day old protonemal tissue 

was collected, excess water was removed, and 100 mg of tissue were frozen in foil packets in liquid nitrogen.  
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Frozen samples were shipped in dry ice. Hormone extraction was performed by Dr Ondrej Novak as in 

(Svačinová et al., 2012), and quantification was performed by UPLC as detailed in (Novák et al., 2008). 

RNA extraction and RT-PCRs 

The same batch of 5-day old protonemal tissue was used for both hormone quantification and RNA 

extraction. Samples were ground to a powder in liquid nitrogen using a pestle and mortar. RNA was extracted 

using a RNeasy Plant Mini Kit (Qiagen, Cat n. 74904) with buffer RLT according to manufacturer’s instructions. 

The quality of RNA was checked by gel electrophoresis, and RNA concentrations were quantified using a 

Nanophotometer (IMPLEN). A Quantitect Reverse Transcription kit (Qiagen, Cat n. 205311) was used on 2 µg 

of RNA to digest genomic DNA and synthesize cDNA, and a 1:10 dilution of cDNA was used as a template in 

RT-PCRs. RT-PCRs were performed using EcoTaq polymerase and primers were designed by hand to span an 

intron or were placed on an intron-exon boundary when possible (Table 4.1). The same conditions were used 

to perform gradient PCRs with wild-type cDNA to find the optimal annealing temperature for each primer 

pair. The ubiquitin transcript was amplified as a control.  

qPCR 

To prepare the qPCR mix, SYBR Green Quantitect kit was used (Qiagen, Cat. N.204143), in 25 µL volume, using 

a 1:50 dilution of cDNA as template for PpPINA and PpPIND and a 1:10 dilution for PpPINB and PpPINC. The 

reactions were run in a Stratagene Mx3005P qPCR system (Agilent Technologies). Three housekeeping genes 

(E3, 60s and AdePRT) were selected from (le Bail et al., 2013). After preliminary analysis, 60s was found to be 

the most consistently expressed target and was used as housekeeping control. Primers were designed using 

PrimerBLAST and efficiency of each primer pair was calculated on serial dilutions of wild-type cDNA. Only 

primer pairs with an efficiency between 90% and 110% were used in further experiments (Table 4.2). To 

calculate fold change for each sample compared to wild-type the ΔΔCt method was used. 
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Published datasets 

To interrogate previously published RNAseq datasets, Peatmoss was used (https://peatmoss.online.uni-

marburg.de/expression_viewer/input). 

Statistical analyses  

All statistical analyses were performed using RStudio, with One-, Two- or Multi-way ANOVA as appropriate, 

followed by Tukey’s test.  

Name Sequence On exon exon 

junction 

On different 

exons 

Cycle number 

Pp-ubi-5’ CCTGGCTGACTACAACATCC   21-25 

Pp-ubi-3’ TGTCGGTCGAAATGGTTCGC   

PpSHI1_fw CTCCAACTAGATGCGGCAAA X  30 

PpSHI1_rv CGCTCGGATTCGATGTAACA  

PpSHI2_fwBis CTACCGCAACTTACAGCTTT   30 

PpSHI2_rv CGTTGCATCTAGTTGAAGCTGAT X 

PpYUCCA1_fw CCGCAGTCCGACTCACAT X  35 

PpYUCCA1_rv CGAGCCCTGCCACGTAAA  

PpYUCCA2_fw ATGGTATTGCCTCGCTCTGG   38 

PpYUCCA2_rv CGAGGAAAGGCTTCGCATTG  

PpYUCCA3_fw TGTGTTACGGAGTACCGTGC   30-32 

PpYUCCA3_rv TGGCATCGAACTCTGCGAAT  

PpYUCCA4_fw GTCTCCTCCGTGATGGCAAA   38 

PpYUCCA4_rv CCCGAGTTTCCACACCCTAC  

PpYUCCA5_fw CCTTCGGAACAGGAGCATTT   38 

PpYUCCA5_rv CGAGGCATCACATGAAACTTACT X 

PpYUCCA6_fw GCAGATTCCGAGGGTGAGAG   38 

PpYUCCA6_rv TGATCTTCGCAAAGGTCCCC  

PpTAA1_fw CGG GAC ACC GTT AAT GTC AA  X 35 

PpTAA1_rv CCA AGG TTA CTC GCA GAT GA  

PpTAA2_fw CCCGCGACTGTCGATGT  X 30 
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PpTAA2_rv GGCTCGGACGAGGTGTAT  

PpTAA3_fw GTCGGCAGCAAGCAAAATTTC  X 38 

PpTAA3_rv GGCCTTTGGATGGAAGGTCTT  

PpTAA4_fw GCCCGCGTCTATCTTCCTAT   30 

PpTAA4_rv CCCTCAAAAGACGAGTAGTGA X 

PINA-RT-F TCCAGGAAGCCAAACAGCCAT  

Bennett et al. 2014 

30-33 

PINA-RT-R CTCTGCCAGTTTCGGTGTCAA  

PINB-RT-F GTCTTGTTACTCCCGGAGGTA   

Bennett et al. 2014 

35 

PINB-RT-R CTTTGCTTCGTCTTCGGGTA 

PINC-RT-F gCGATATCTCCATTAACCTCCA  

Bennett et al. 2014 

38 

PINC-RT-R GACTGAACATGGCCATCCCAA 

PIND-RT-FW GGAAGTCGGCAGCGAAACT   33 

PIND-RT-RV CGGCAACGCTGCCTGTAAA X  

Table 4.1) Oligonucleotides used for RT-PCR experiments. In each primer pair either one primer was on an exon-exon 

junction or the two primers were placed on different exons. This was not possible in PpYUCCA2-4 and PpYUCCA6 as 

they did not have introns. For PpPINA-C I used previously published primers. 

 

Name Sequence Source 

PINAqFW_z CGGGGTTATCTGGTCATTGGT This study 

PINAqRV_z ATCCCATGAATAGACCGAGGC This study 

PINBqFW_b AATTGTTGTGTGCGGACGTA Bennett et al. 2014 

PINBqRV_b TCACCGCAGTACTGAGCATC Bennett et al. 2014 

PINCqFW_z2 GCCATGTTCAGTCTTGGCTTG This study 

PINCqRV_z2 TCCTCGAAGGCCCACTAGAT This study 

PINDqFW_z1 TCGCATTTTTACAGGCAGCG This study 

PINDqRV_z1 CCAGCACAATTGGCATGAACA This study 

60s ACGGACATTGCATTTAAGACCT Le Bail et al. 2013 

60s GTCGATTACCTGTGGAGAAGAC Le Bail et al. 2013 

Table 4.2) Oligonucleotides used for qPCR experiments.  
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RESULTS 

clavata mutants have different sensitivities to cytokinin treatment at the whole plant level  

Cytokinin affects plant spread in P. patens (Ashton et al., 1979a,b; Coudert et al., 2019b). To test whether 

increased plant spread in clavata mutants is due to reduced cytokinin response, I grew wild-type plants and 

clavata mutants on media containing a solvent control (0.07% EtOH), 10 nM or 100 nM of the synthetic 

cytokinin 6-Benzylaminopurine (BAP). Phenotypes were analyzed after 4-5 weeks of growth in long day 

conditions (Figure 4.2). Wild-type plants showed a decrease in plant spread in response to 100 nM, but not 

to 10 nM, BAP as detected by other studies (Ashton et al., 1979b; von Schwartzenberg et al., 2016; Coudert 

et al., 2019b). On average the area of wild-type plants grown on 100 nM BAP was 26 ±11 % smaller than 

control plants, and there were no differences in perimeter ratio. While PpcleAmiR4-7 plants behaved similarly 

to wild-type plants, PpcleAmiR1-3 and Ppclv1a mutants showed a dampened response, as the reduction in 

plant area was significant only in 1 out of 3 replicates. The lack of adult gametophores in Ppclv1b plants 

indicated that they were affected by BAP treatment. However, no response to cytokinin was detected in any 

replicates in terms of plant spread or shape in Ppclv1b mutants. In Ppclv1a1b plants, area was reduced in two 

out of three replicates in plants grown on BAP treatment similarly to wild-type plants, but perimeter ratio 

measurements increased, decreased or remained constant in different replicates, highlighting an 

inconsistent response in terms of plant shape. Pprpk2 and Ppclv1a1brpk2 mutants consistently showed an 

exaggerated decrease in plant area and perimeter ratio in response to 100 nM BAP relative to wild-type 

plants. Interestingly, Pprpk2 and Ppclv1a1brpk2 plants grown on 100 nM BAP were respectively 59 ± 3% and 

43 ± 9% smaller than control plants, and they also had large reductions in perimeter ratio. Taken together 

these data suggest that Ppclv1b mutants could be insensitive to BAP treatment, and Pprpk2 and 

Ppclv1a1brpk2 mutants could be hypersensitive. Thus, the Pprpk2 mutant phenotype cannot be explained 

by a reduced sensitivity to cytokinin.   
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Figure 4.2) Cytokinin treatment affects plants spread and shape. (A) Images of 4 week-old plants grown in long day 

conditions showing overall morphology. Plants are from the second experimental replicate. Scalebar = 5 mm. (B-D) 

Quantification of Area and Perimeter ratio from the first, second and third replicate respectively. All plants were grown 
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in the same conditions. Pprpk2 and Ppclv1a1brpk2 plants had a larger area reduction than wild-type plants when grown 

on 100 nM BAP, combined with a sharp decrease in perimeter ratio. Black asterisks indicate significant difference from 

untreated plants from the same genotype; grey asterisks indicate significant difference from wild-type plants on the 

same treatment; error bars indicate standard deviation (n ≥ 30; Two-way ANOVA and Tukey’s test; p < 0.05). Data 

collection was performed with Connor Madden. 

Protonemal identity in cytokinin treated plants was analyzed 

To study the effect of cytokinin on protonemal identity, I dissected foraging filaments from all three replicates 

shown in Figure 4.2. At least 28 foraging filaments were dissected for each group, and the length and cell 

division plane were measured as previously detailed (Chapter 3). Pooled data from the three replicates are 

shown in Figure 4.3 (Mean and statistical analysis) and in Figure 4.4 (Raw data). Finally, Tables 4.3, 4.4 and 

4.5 show how each variable (Cell position, Genotype, Treatment) was or was not affected in each of the three 

replicates. The same format will be used to represent further pharmacological treatments.  

Wild-type cell length, but not cell angle, decreased in response to 100 nM BAP 

When wild-type plants were grown on solvent control (EtOH), the subapical and branch cells displayed 

distinct cell identities, both in terms of cell length and cell division plane (Figures 4.3-4.4). This was 

statistically significant in 2 out of 3 replicates for cell length and in 3 out of 3 replicates for cell angle (Table 

4.3). While wild-type protonemal morphology was not altered by low BAP concentrations (10 nM), higher 

BAP concentrations (100 nM) reduced cell lengths in both subapical and branch cells, while cell angles were 

unaffected (Figures 4.3-4.4, Table 4.3, Table 4.5). This effect was small and only statistically significant in the 

pooled dataset (compare Figure 4.3 to Table 4.5), to which I will refer henceforth.  

A subset of clavata mutants shows enhanced response to BAP treatment 

Differences were present in the response of subapical and branch cells to 100 nM BAP treatment in clavata 

mutants (Figure 4.3). While branch cells of PpcleAmiR1-3, PpcleAmiR4-7, Ppclv1a and Ppclv1b responded like 

wild-type branch cells, branch cell morphology was unaffected by cytokinin treatment in Ppclv1a1b, Pprpk2 

and Ppclv1a1brpk2 mutants. The response of subapical cells to BAP treatment was stronger than the 

response of branch cells (Table 4.3). Ppclv1b and Ppclv1a1b mutant subapical cell responses to cytokinin 
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application were similar to wild-type responses. However, in PpcleAmiR1-3 mutants the 10 nM BAP 

treatment had an opposite effect, causing subapical cells to elongate in the pooled dataset although the 100 

nM treatment had no effect on cell length or cell angle in any single replicate (Figure 4.3, Table 4.5). Thus, 

PpcleAmiR1-3 mutants had mixed cell identities on solvent control, but subapical and branch cells became 

somewhat more distinct on BAP treatment (Figure 4.3, Table 4.3). PpcleAmiR4-7 subapical cells were more 

responsive than wild-type cells to cytokinin, with both cell length and division plane reduced following 10 nM 

BAP treatment, and this effect was enhanced in plants treated with 100 nM BAP. Pprpk2 subapical cells, and 

to a lesser extent in Ppclv1a1brpk2 and Ppclv1a subapical cells also showed an enhanced response to BAP 

treatment relative to wild-type plants. 

Overall, these data indicate that Ppclv1b and Ppclv1a1b mutants have a wild-type response to BAP treatment 

but PpcleAmiR4-7, Pprpk2, Ppclv1a1brpk2 and Ppclv1a show hypersensitivity to BAP treatment, indicating 

these genotypes have an enhanced response to cytokinin in caulonemata tip cells. The abnormal response 

of PpcleAmiR1-3 mutants is difficult to interpret. 

Position of cells along filament is a stronger determinant of cell ID than genotype or treatment 

Differences in cell identity between wild-type plants and mutants were stronger in subapical cells than in 

branch cells on control media (Table 4.4). With increasing BAP concentration, wild-type and mutant subapical 

cells became more similar (Table 4.4), indicating that BAP treatment can overcome genotype differences. In 

some replicates, differences in cell length between subapical and branch cells were reduced, but not lost, 

upon 100 nM BAP treatment, while cell angle was unaffected (Table 4.3). This indicates that the position of 

a cell on a filament (Subapical or branch cell) is a stronger determinant of cell identity than BAP treatment 

(Table 4.3). Overall, subapical cells showed higher sensitivity than branch cells to BAP treatment and cell 

length was more easily affected than the cell division angle.   
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Figure 4.3) Cytokinin treatment disproportionally affects cell identity in clavata mutant protonemata. Pooled data 

from three experimental replicates shown in Figure 4.2. In wild-type foraging filaments, both subapical and branch cells 

are shorter when grown on 100 nM BAP. In PpcleAmiR4-7, Ppclv1a, Pprpk2 and Ppclv1a1brpk2 mutant plants grown on 

100 nM BAP, subapical cells have a strong reduction in both length and cell division angle. Letters indicate significant 

differences between groups, error bars indicate standard deviation. (Multi-way ANOVA and Tukey’s test;  n ≥ 90; * = 

pvalue < 0.05). Data collection was performed with the help of Connor Madden.  
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Figure 4.4) Cytokinin treatment disproportionally affects cell identity in clavata mutants protonemata. Raw data 

pooled from the three experimental replicates in Figure 4.2. Dark blue dots represent branch cells, light blue dots 

represent subapical cells. Data collection was performed with the help of Connor Madden.   
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Table 4.3) Cell identity differences between subapical and branch cells measurements across three replicates.  The 

significant differences in cell length and division angle between subapical and branch cells are shown for samples grown 

on solvent control (EtOH), 10 nM BAP and 100 nM BAP to highlight the effect of the cell positioning. Distinct cell lengths 

are less common in wild-type and mutant plants grown on 100n M BAP. Breakdown of the pooled dataset present in 

Figure 4.3 and 4.4. Gray shading indicates subapical cells at different BAP concentrations, blue shading indicates branch 

cells at different BAP concentrations, as in Figure 4.3. ** = pvalue < 0.001;* = pvalue<0.05; () = pvalue < 0.1. 
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Table 4.4) Cell identity differences between wild-type and mutant plants measurements across three replicates. The 

significant differences in cell length and division angle between wild-type and mutant plants are shown for samples 

grown on solvent control (EtOH), 10 nM BAP and 100 nM BAP to highlight the effect of the genotype. On solvent controls 

and 10 nM BAP, all clavata mutants had some differences in subapical cell identity from wild-type. However, wild-

type/mutant differences were reduced in plants grown on 100 nM BAP and are very rare in branch cells on any 

treatment. Breakdown of the pooled dataset present in Figure 4.3 and 4.4. Color legend as in Figure 4.3. ** = pvalue < 

0.001;* = pvalue<0.05; () = pvalue < 0.1.  
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Table 4.5) Cell identity differences between plants grown on solvent control (EtOH), 10 nM BAP and 100 nM BAP. The 

significant differences in cell length and division angle between plants grown on different BAP concentrations are shown 

to highlight the effect of the BAP treatment across three replicates. Consistent differences in subapical cell morphology 

in single replicates are observed on 100 nM BAP treatments compared to solvent controls. Branch cell morphology is 

not affected by any BAP treatment.  Breakdown of the pooled dataset present in Figure 4.3 and 4.4. Gray shading 

indicates subapical cells, blue shading indicates branch cells. ** = pvalue < 0.001;* = pvalue<0.05; () = pvalue < 0.1.  
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In Pprpk2 mutants, BAP treatment induces constitutive bud development in a subset of filaments  

It has been known for decades that cytokinin promotes bud formation in P. patens (Ashton et al., 1979a), 

and constitutive bud formation can be induced in wild-type plants by simultaneous treatment with auxin and 

cytokinin (Aoyama et al., 2012). To better understand the hormonal interplay in Pprpk2 mutants, I imaged 

Pprpk2 and wild-type filaments from plants grown on a solvent control (EtOH), 100 nM BAP, 1 µM NAA and 

a combined treatment of 100 nM BAP + 1 µM NAA. Consistently with previous reports, NAA treatment did 

not induce bud development in wild-type or Pprpk2 mutant plants, but BAP treatment did. Pprpk2 mutants 

produce more buds than wild-type plants on control media (Whitewoods et al., 2018), but treating a Pprpk2 

mutant with BAP causes near-constitutive bud production in a subset of filaments, suppressing branch 

production (Figure 4.5). Such near-constitutive bud production could be induced in wild-type plants by 

combined BAP and NAA treatment. These observations constitute further evidence of cytokinin 

hypersensitivity in Pprpk2 plants. 

 
Figure 4.5) Cytokinin treatment promotes bud development in wild-type and Pprpk2 plants. Constitutive bud 

development was induced in a subset of filaments in Pprpk2 plants grown on 100 nM BAP or 1 µM NAA + 100 nM BAP. 

A similar response could be observed in wild-type plants treated with 1 µM NAA + 100 nM BAP. Note that bud 

development is arrested in Pprpk2 mutants as shown in Whitewoods et al. (2018). Scalebar = 200 µm.  



131 
 

Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 mutants had similar cytokinin profiles to wild-type plants 

Cytokinin hypersensitivity and increased plant spread in Pprpk2 and Ppclv1a1brpk2 mutants could be due to 

reduced cytokinin synthesis or to an imbalance in cytokinin profile. To discriminate between these 

hypotheses, I collected 5-day old protonemal samples from wild-type, Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 

mutants grown on both BCD and BCDAT media. Cytokinin profiles were generated by Dr Ondrej Novak in 

Palacký University Olomouc (Czech Republic). Concentrations of free bases as isopentenyl adenine (iP), trans-

zeatin (tZ), cis-zeatin (cZ), and dihydrozeatin (DHZ) and their ribotide, riboside, and glycoside derivatives were 

measured. The levels of individual cytokinins detected are illustrated in Figure 4.6, and the levels of each 

class of cytokinin detected are illustrated in Figure 4.7.  

In P. patens iP, tZ and their corresponding ribosides were shown to have the highest biological activity, while 

cZ, cZR and all the ribotides had low or no activity (von Schwartzenberg et al., 2007). In this study, with tissue 

grown on BCD media, the concentration of the free base iP was higher in a Pprpk2 mutant than in wild-type 

plants, while the tZ concentration was lower. A reduction of tZROG was detected in Ppclv1a1b and 

Ppclv1a1brpk2 mutants grown on BCD media compared to wild-type, with the former containing also less 

DHZROG, whilst Ppclv1a1b and Pprpk2 mutants grown on BCDAT media contained more tZOG. The most 

consistent differences between wild-type and mutant plants were found in cZ-type cytokinins.  cZRMP 

concentration was consistently lower in Pprpk2 and Ppclv1a1brpk2 tissue grown on both media, and in 

Ppclv1a1b tissue on BCD media. The concentration of cZOG was lower in all mutants grown on BCD media, 

and cZROG and cZR concentrations were significantly lower in Ppclv1a1brpk2 tissue on BCD media. Since 

cZROG is the most abundant cytokinin detected in this context, the total amount of cytokinin is also lower in 

Ppclv1a1brpk2 tissue grown on BCD media (Figure 4.7). However, concentrations of the free base cZ did not 

reflect the differences in conjugate amounts, as cZ was more abundant only in Ppclv1a1b tissue grown on 

BCDAT media. Overall, plants grown on BCDAT media have a lower amount of cytokinin and a higher quantity 

of iP-type cytokinins than plants grown on BCD media. This observation suggests a role for ammonium in 

regulating cytokinin biosynthesis. A plant spread phenotype is present in clavata mutants grown on both 

types of medium (Chapter 3), but detailed phenotyping and cytokinin response analysis were only performed 



132 
 

on BCDAT media. Since no reduction in bioactive cytokinin was present in plants grown on BCDAT media, the 

hypothesis that plant spread phenotypes are caused by reduced cytokinin levels was rejected.  

 
Figure 4.6) Minor genotype-specific differences in cytokinin profile were present in samples grown on BCDAT media. 

iP = N6-(Δ2-isopentenyl)adenine; iPR = N6-(Δ2-isopentenyl)adenosine; iPRMP = N6-(Δ2-isopentenyl)adenosine 5′-

monophosphate; cZ = cis-zeatin; cZR = cis-zeatin riboside; cZOG = cis-zeatin O-glucoside; cZRMP = cis-zeatin riboside 5′-

monophosphate; cZROG = cis-zeatin riboside O-glucoside; tZ = trans-zeatin; tZR = trans-zeatin riboside; tZOG = trans-

zeatin O-glucoside; tZROG = trans-zeatin riboside O-glucoside; DHZROG = dihydrozeatin riboside O-glucoside. Other 

cytokinins were not detected. n = 5. * = pvalue <0.05.   
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Figure 4.7) No difference in overall cytokinin levels between wild-type and mutant lines grown on BCDAT was found. 

The content of total cytokinins, tZ-type cytokinins, cZ type cytokinins and O-glucosides was reduced in Ppclv1a1brpk2 

mutant, and tZ-type cytokinins were lower in Ppclv1a1b mutant grown on BCD media. No differences in cytokinin types 

were detected in protonemal tissue grown on BCDAT media. * = pvalue < 0.05. 
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Active auxin synthesis is needed for clavata phenotypes to arise 

Since auxin and cytokinin have antagonistic interactions, clavata mutant phenotypes and cytokinin 

hypersensitivity could also be explained by modifications in auxin homeostasis and/or response. To test 

whether clavata mutant phenotypes depend on auxin biosynthesis, I grew wild-type and mutant plants on 

media containing either a pharmacological inhibitor of auxin synthesis (10 µM L-kynurenine, L-kyn) or a 

solvent control (0.01 % DMSO). L-kyn competitively inhibits AtTAA1 and therefore the conversion of 

tryptophan (TRP) in indole-3-pyruvic acid (IPyA) (He et al., 2011). Three experimental replicates were 

performed, but Ppclv1a and Ppclv1b data were removed from the first replicate as the lines used lacked 

mutations in PpCLV1a and/or PpCLV1b genes (see Chapter 2). Wild-type plants grown on medium containing 

a solvent control showed few or no gametophores, indicating that DMSO influences P. patens development. 

When grown on L-kyn, wild-type plants showed a significant decrease in area in 2 out of 3 experimental 

replicates, and a decrease in perimeter ratio was significant in 1 out of 3 experimental replicates (Figure 4.8), 

but an incremental decrease could be noticed in all replicates. clavata mutant plants showed a similar 

decrease in area to wild-type plants when grown on L-kyn, but PpcleAmiR4-7 plants decreased to a larger 

area. While Ppclv1a, Ppclv1b and Ppclv1a1b mutant perimeter ratios decreased in response to L-kyn in a 

similar manner to wild-type plants, PpcleAmiR1-3 and PpcleAmiR4-7 mutant perimeter ratios were unaltered 

in 1 out of 3 replicates, and lower on L-kyn in the rest. Perimeter ratios were significantly lower in all 

replicates in Pprpk2 and Ppclv1a1brpk2 mutants grown on 10 µM L-kyn, representing the loss of irregular 

colony shape in low auxin conditions. Overall, the response to low auxin conditions was similar in all 

genotypes: plant area was reduced, and when plants had irregular shapes on DMSO they generally lost it on 

L-kyn treatment, while regular plant shapes were unaffected. These results indicate that auxin synthesis is 

necessary for the overproduction of foraging filaments in Pprpk2 and Ppclv1a1brpk2 mutants, suggesting 

that the CLAVATA pathway could act on auxin homeostasis.   
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Figure 4.8) L-kyn treatment affects plants spread and shape. (A) Images of 4 week-old plants grown in long day 

conditions showing overall morphology. Plants are from the second experimental replicate. Scalebar = 2 mm. (B-D) 

Quantification of area and perimeter ratio from the first, second and third replicate respectively. A reduced area and 

perimeter ratio characterized plants from all genotypes when grown on 10 µM L-kyn. Data from Ppclv1a and Ppclv1b 

plants from the first replicate was discarded as no mutation in PpCLV1a or PpCLV1b genes was present in these lines. 
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Black asterisks indicate significant difference from untreated plants from the same genotype; grey asterisks indicate 

significant difference from wild-type plants on the same treatment; error bars indicate standard deviation (n ≥ 30; Two-

way ANOVA and Tukey test; p < 0.05). Data collection was performed with the help of Connor Madden.   

 

Cell identity of subapical cells but not branch cells was affected by L-kyn treatment  

To study how protonemal cell identity responds to low auxin conditions, I dissected foraging filaments and 

measured cell morphologies as previously described. Pooled data from two or three replicates are 

represented in Figures 4.9-4.10, while variability between replicates is shown in Tables 4.6-4.8. Wild-type 

subapical and branch cells from plants grown on media containing L-kyn maintained a significant difference 

in division angle but not in cell length due to an incremental increase in branch length and an incremental 

decrease in subapical cell length. The other mutants behaved similarly to wild-type, but the magnitude of the 

response differed. While no significant difference was detected in branch cells, subapical cells of Ppclv1a, 

Ppclv1b, Ppclv1a1b and Pprpk2 mutants were significantly shorter in plants grown on L-kyn, and subapical 

cells of PpcleAmiR4-7, Ppclv1a1b and Pprpk2 mutants had a flatter division plane when grown on L-kyn 

(Figure 4.9). As a result, PpcleAmiR4-7, Ppclv1a, Ppclv1b, Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 mutant 

protonemata maintained different cell morphologies when grown on L-kyn, but wild-type and PpcleAmiR1-3 

mutant protonemata did not. Thus, clavata plants morphologies but not foraging protonemata phenotypes 

are dependent on the level of auxin biosynthesis. 
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Figure 4.9) L-kyn treatment can affect subapical cell morphology. Pooled data from the three experimental replicates 

in Figure 4.8. In wild-type foraging filaments, incremental differences cause the distinction between subapical and 

branch cell length to diminish in plants grown on L-kyn. In PpcleAmiR4-7, Ppclv1a, Ppclv1a1b and Pprpk2 plants grown 

on L-kyn subapical cells are significantly different from control media in at least one measurement. Letters indicate 

significant differences between groups, error bars indicate standard deviation. (Multi-way ANOVA and Tukey’s test;  n 

> 60 for Ppclv1a and Ppclv1b; n ≥ 90 for all other genotypes; * = pvalue < 0.05). Data collection was performed with the 

help of Connor Madden. 
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Figure 4.10) L-kyn treatment can affect subapical cell morphology. Raw data pooled from the three experimental 

replicates in Figure 4.8. Dark blue dots represent branch cells, light blue dots represent subapical cells. Data collection 

was performed with the help of Connor Madden. 
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Table 4.6) Cell identity differences between subapical and branch cell measurements across three replicates. The 

significant differences in cell length and division angle between subapical and branch cells are shown for samples grown 

on solvent control (DMSO) or L-kyn to highlight the effect of cell position on morphology. Distinct cell measurements 

are less common in wild-type and mutant plants grown on L-kyn. Breakdown of the pooled dataset present in Figure 

4.9 and 4.10. Gray shading indicates subapical cells with or without L-kyn treatment, blue shading indicates branch cells 

with or without L-kyn treatment, as in Figure 4.9. ** = pvalue < 0.001;* = pvalue<0.05; () = pvalue < 0.1. 
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Table 4.7) Cell identity differences between wild-type and mutant plants measurements across three replicates.  The 

significant differences in cell length and division angle between wild type and mutant plants are shown for subapical 

and branch cells grown on solvent control (DMSO) or L-kyn to highlight the effect of the genotype on cell morphology. 

Differences between wild-type and mutants are more frequent in subapical cells than in branch cells and are still present 

in plants grown on L-kyn. Breakdown of the pooled dataset present in Figure 4.9 and 4.10. Gray shading indicates 

subapical cells with or without L-kyn treatment, blue shading indicates branch cells with or without L-kyn treatment, as 

in Figure 4.9. ** = pvalue < 0.001;* = pvalue<0.05; () = pvalue < 0.1. 
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Table 4.8) Cell identity differences between plants grown on solvent control (DMSO) and L-kyn across three replicates.  

The significant differences in cell length and division angle between plants grown with or without L-kyn are shown to 

highlight the effect of the treatment across three replicates. L-kyn treatment affects subapical cells length and angle in 

single replicates. Branch cells morphology is not affected by L-kyn treatment.  Breakdown of the pooled dataset present 

in Figure 4.9 and 4.10. Gray shading indicates subapical cells, blue shading indicates branch cells. ** = pvalue < 0.001; * 

= pvalue<0.05; () = pvalue < 0.1. 

 

CLAVATA pathway regulates auxin biosynthesis 

To identify any variation in auxin biosynthesis between wild-type plants and clavata mutants, biologically 

active auxin (IAA), its precursors (ANT, TRP and IPyA) and degradation products (IAGlu and oxIAA) were 

quantified from protonemata samples grown on either BCD or BCDAT media as previously described by Dr 

Ondrej Novak (Figure 4.11). Compared to the wild-type plants, Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 

samples grown on BCD media had a reduced content of IAA as well as TRP and IPyA precursors, but a similar 

amount of degradation products. Ppclv1a1b and Pprpk2 protonemata grown on BCDAT contained more 

anthranilate (ANT), and Ppclv1a1b had lower IAA content than wild-type protonemata. Four out of five 

Pprpk2 samples also contained less auxin than wild-type samples, but the overall difference was not 

significant because the fifth sample contained considerably more auxin than the rest. Ppclv1a1brpk2 samples 

showed a similar, but less obvious pattern. Considering only five samples were measured, I choose not to 
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discard the fifth data point for the purpose of this thesis, but to present its different behavior from other 

samples by highlighting it in blue (Figure 4.11). Additionally, Ppclv1a1b and Ppclv1a1brpk2 mutants grown 

on BCDAT contained less oxindoleacetic acid (oxIAA) than wild-type samples. Overall, these data suggest that 

Ppclv1a1b, Pprpk2 and possibly Ppclv1a1brpk2 mutant protonemata may contain less biologically active 

auxin (IAA) than wild-type plants, more likely as a consequence of reduced synthesis than of enhanced 

degradation.  

 

 
Figure 4.11) Clavata mutants have a reduced auxin (IAA) content. Quantification of auxin metabolites from wild-type, 

Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 protonemata cultures grown on BCD and BCDAT media. n = 5. Blue dot highlights 

data from one Pprpk2 sample which could be an outlier. * = pvalue <0.05. 
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Lower auxin concentrations in clavata mutants do not originate from transcriptional repression 

of auxin synthesis genes 

To investigate the relationship between auxin synthesis and tissue type, I examined the published expression 

levels of auxin synthesis genes in chloronemata and caulonemata from the Ortiz-Ramírez et al., (2016) 

dataset using Peatmoss (Figure 4.12A). All auxin synthesis genes examined (PpSHI1-2, PpYUCCA1-6, PpTAA1-

4) were downregulated in caulonemata, suggesting that plants with more caulonemata such as Pprpk2 and 

Ppclv1a1brpk2 should have lower levels of expression of auxin synthesis genes than wild-type plants and 

mutants with a similar phenotype such as Ppclv1a1b. However, all three mutants produce less auxin in at 

least one type of medium, despite phenotypic differences. To clarify the relation between auxin content and 

transcriptional regulation of auxin synthesis in clavata mutants, I performed RT-PCR on a set of auxin 

synthesis genes comprising PpSHI1-2 (Eklund et al., 2010b), PpYUCCA1-6 and PpTAA1-4  (Thelander et al., 

2018; Landberg et al., 2021) using protonemal tissue from wild-type, Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 

mutants grown on BCDAT. In agreement with their low expression levels in the Ortiz-Ramírez et al., (2016) 

dataset, PpYUCCA2,4,5 and 6 and TAA3 could not be amplified from either wild-type or mutant cDNA (Figure 

4.12B). However, PpSHI2 and PpYUCCA1 could be detected, with the latter being potentially downregulated 

in Pprpk2 mutant tissue. PpSHI1, PpYUCCA3 and PpTAA1 seemed slightly upregulated in Ppclv1a1b samples. 

No other genes were found to be differentially expressed. Since no obvious differences in gene expression 

were found by RT-PCR, I decided that auxin synthesis genes were not suitable candidates for qPCR analysis. 

These results show that the lower auxin content of clavata mutants is not due to the downregulation of auxin 

synthesis gene transcription, hinting at a post-transcriptional inhibition of auxin synthesis in these mutants. 
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Figure 4.12) Expression of auxin synthesis genes. (A) Wild-type expression data from the Ortiz-Ramirez et al. (2016) 

dataset show a downregulation of auxin synthesis genes in caulonemata. The second panel illustrates expression a 

subset of genes with low expression levels. (B) RT-PCR results showing the expression of auxin synthesis genes in wild-

type, Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 mutant protonemata. Only slight differences in expression were found. 

Expressed genes are in bold. For each genotype, replicates in the first and second/third well are two biological replicates. 

The second and third well are technical replicates (ie, two different RNA extractions from the same biological sample). 

No RT = non-retrotranscribed wild-type RNA (gDNA contamination control). NC = negative control (water). PpUBI = 

Amplification of PpUBIQUITIN used as loading controls (Since the same templates were used, controls are the same as 

in Figure 4.19).  
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Pprpk2 mutants have an abnormal response to auxin application 

To test the hypothesis that the auxin response could be altered in clavata mutants, I grew wild-type and 

mutant plants on media containing either a solvent control (0.07 % EtOH), or 100 nM or 1 µM of the synthetic 

auxin 1-Naphthaleneacetic acid (NAA). As in L-kyn application experiments, three experimental replicates 

were performed, but Ppclv1a and Ppclv1b data were removed from the first one as the lines used were later 

found not to be mutants. Wild-type plants grown on 1 µM NAA lacked gametophores and had a larger area 

than plants grown on solvent control (Figure 4.13). Perimeter ratio values were unchanged or had an 

incremental decrease in response to elevated NAA levels. This indicates that, in the growing conditions used 

in this study, auxin did not enhance foraging protonemata production, but still promoted protonemal growth 

and thus plant spread, partially confirming previous studies (Ashton et al., 1979b; Lavy et al., 2016). Lower 

auxin concentrations (100 nM NAA) did not have a significant effect on wild-type plant spread or shape but 

affected clavata mutants in some replicates. PpcleAmiR1-3, PpcleAmiR4-7, Ppclv1a and Ppclv1a1b mutant 

responses to NAA application were similar to wild-type plants, with a significantly larger area in plants grown 

on 1 µM NAA in at least two experimental replicates. Ppclv1b mutant area significantly increased in only 1 

out of 2 replicates but no increase in plant area was observed in Pprpk2 or Ppclv1a1brpk2 mutants grown on 

1 µM NAA. Instead Pprpk2 mutant area significantly decreased on 1 µM NAA in two out of three replicates, 

while Ppclv1a1brpk2 mutant area remained constant. Similarly to wild-type plants, perimeter ratio values 

were largely unaffected by 1 µM NAA treatment in PpcleAmiR1-3, PpcleAmiR4-7, Ppclv1a, Ppclv1b and 

Ppclv1a1b mutants, but Pprpk2 and Ppclv1a1brpk2 plants grown on 1 µM NAA had more uniform colony 

shapes compared to the solvent control (all or 2 out of 3 experimental replicates, respectively).  Taken 

together, these data indicate that the response to exogenous auxin is abnormal in Pprpk2 and Ppclv1a1brpk2 

mutant plants.  



146 
 

 
Figure 4.13) Except in Pprpk2 and Ppclv1a1brpk2 backgrounds, NAA promotes plant spread. (A) Images of 4 week-old 

plants grown in long day conditions showing overall morphology. Plants are from the second experimental replicate. 

Scalebar = 5 mm. (B-D) Quantification of area and perimeter ratio from the first, second and third replicate respectively. 

An increased area characterized wild-type, PpcleAmiR1-3, PpcleAmiR4-7, Ppclv1a, Ppclv1b and Ppclv1a1b plants grown 
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on 1 µM NAA, but area was unaltered or reduced in Pprpk2 and Ppclv1a1brpk2 plants grown on 1 µM NAA. Perimeter 

ratios of wild-type plants were unaltered by 1 µM NAA treatment, but Pprpk2 and Ppclv1a1brpk2 mutant perimeter 

ratios decreased. Data from Ppclv1a and Ppclv1b plants from the first replicate was discarded as no mutation in PpCLV1a 

or PpCLV1b genes was present in these lines. Black asterisks indicate significant difference from untreated plants from 

the same genotype; grey asterisks indicate significant difference from wild-type plants on the same treatment; error 

bars indicate standard deviation. (n ≥ 30; Two-way ANOVA and Tukey test; p < 0.05). Data collected with help from 

Connor Madden  

 

NAA treatment effect on subapical cells is similar to L-kyn treatment 

To further study the protonemal response to exogenous auxin, I analyzed cell morphology in filaments from 

the same plants used in the whole plant analysis. Pooled data from two or three replicates are shown in 

Figures 4.14-4.15, while variability between replicates is shown in Tables 4.9-4.11. Wild-type subapical and 

branch cells grown on media containing 1 µM NAA maintained a significant difference in division angle but 

not in cell length in the pooled dataset, as observed in L-kyn treated protonemata. While no significant 

differences were present in branch cells of any genotype in response to NAA, subapical cell division angles 

were reduced in PpcleAmiR4-7 and Ppclv1a1brpk2 mutants, and subapical cell length was reduced in Ppclv1a, 

Ppclv1a1b and Pprpk2 mutants grown on 1 µM NAA. 100 nM NAA treatment had either no effect or a similar 

effect to 1 µM NAA in most genotypes, but had the opposite effect in PpcleAmiR1-3 mutant subapical cells, 

significantly increasing cell length and division plane and thus creating distinct cell identities. This suggests 

that the mixed cell identity phenotype in PpcleAmiR1-3 can be recovered by low NAA doses, as well as low 

cytokinin doses. Across all genotypes, the responses to NAA treatment at the filament level were weak and 

often detectable only in the pooled dataset, but not in the single replicates (Figure 4.14, Table 4.11). In 

general, foraging protonemata from plants grown on NAA consisted of subapical and branch cells that were 

slightly more similar to each other than on solvent control. However, in clavata mutants the two distinct cell 

identities, when present, were maintained following NAA treatment, while in wild-type plants they were not. 

Taken together these data suggest that Pprpk2 and Ppclv1a1brpk2 mutants respond abnormally to NAA at 

the whole plant level, indicating that the quantity of foraging protonemata is affected, but the cellular 
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response of individual foraging protonemata is normal. On the contrary, PpcleAmiR1-3 has a normal whole-

plant response, but abnormal cellular response to 100 nM NAA. 

 

 

 
Figure 4.14) NAA treatment can affect subapical cells morphology. Pooled data from the three experimental replicates 

shown in Figure 4.13. In wild-type foraging filaments, incremental differences cause the distinction between subapical 

and branch cell length to diminish in plants grown on 1 µM NAA. PpcleAmiR1-3 subapical cells are significantly longer 

and with a more oblique cell division planes when grown on 100 nM NAA. In PpcleAmiR4-7, Ppclv1a, Ppclv1a1b, Pprpk2 

and Ppclv1a1brpk2 mutants grown on 1 µM NAA, subapical cells are significantly different from control media in at least 

one measurement. Letters indicate significant differences between groups, error bars indicate standard deviation. 

(Multi-way ANOVA and Tukey’s test;  n > 60 for Ppclv1a and Ppclv1b; n ≥ 90 for all other genotypes; * = pvalue < 0.05). 

Data collected with help from Connor Madden  
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Figure 4.15) NAA treatment can affect subapical cell morphology. Raw data pooled from the three experimental 

replicates in Figure 4.13. Dark blue dots represent branch cells, light blue dots represent subapical cells. Data collected 

with help from Connor Madden  
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Table 4.9) Cell identity differences between subapical and branch cell measurements from three replicates. The 

significant differences in cell length and division angle between subapical and branch cells are shown for samples grown 

on solvent control (EtOH), 100 nM NAA and 1 µM NAA to highlight the effect of cell positioning. Breakdown of the 

pooled dataset present in Figure 4.14 and 4.15. Gray shading indicates subapical cells at different NAA concentrations, 

blue shading indicates branch cells at different NAA concentrations, as in Figure 4.14. Dashed boxes indicate that data 

from incorrect lines was removed. ** = pvalue < 0.001;* = pvalue<0.05; () = pvalue < 0.1. 
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Table 4.10) Cell identity differences between wild-type and mutant plants measurements from three replicates.  The 

significant differences in cell length and division angle between wild-type and mutant samples are shown for plants 

grown on solvent control (EtOH), 100 nM NAA and 1 µM NAA to highlight the effect of the genotype. Differences 

between wild-type and mutant branch cells are rare in plants grown on EtOH, but mutant branch cells grown on 1 µM 

NAA are sometimes different from wild-type. Cell length is more often affected by the genotype than cell division angle. 

Breakdown of the pooled dataset present in Figure 4.14 and 4.15. Gray shading indicates subapical cells, blue shading 

indicates branch cells as in Figure 4.14. Dashed boxes indicate that data from incorrect lines was removed.  ** = pvalue 

< 0.001;* = pvalue<0.05; () = pvalue < 0.1. 
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Table 4.11) Cell identity differences between plants grown on solvent control (EtOH), 100 nM or 1 µM NAA from three 

replicates. The significant differences in cell length and division angle between cells grown on different NAA 

concentrations are shown to highlight the effect of NAA treatment on cell morphology. NAA treatment affects subapical 

cells length and angle in single replicates. Branch cell morphology is not affected. Breakdown of the pooled dataset 

present in Figure 4.14 and 4.15. Gray shading indicates subapical cells, blue shading indicates branch cells. Dashed boxes 

indicate data from incorrect lines which was removed.  ** = pvalue < 0.001;* = pvalue<0.05; () = pvalue < 0.1. 
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Exogenous auxin treatment in presence of auxin synthesis inhibitor causes severe growth 

repression in Pprpk2 mutants but not wild-type plants 

Since clavata mutants have a reduced endogenous auxin content in at least one type of medium, this could 

act as a confounding factor in the analysis of exogenous auxin response. To remove this confounding factor, 

I grew wild-type, Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 mutant plants on media containing either a solvent 

control (0.01% DMSO + 0.07% EtOH), 10 µM L-kyn, 1 µM NAA, or both (10 µM L-kyn + 1 µM NAA). In this 

experimental set up the comparison between NAA and NAA + L-kyn treatments indicates if the endogenous 

auxin synthesis has an effect on the response to exogenously applied auxin, while the comparison between 

L-kyn and NAA + L-kyn shows the response to exogenously applied auxin when endogenous production is 

inhibited (Figure 4.16). In all three replicates, wild-type plant area was larger in NAA + L-kyn than in the L-

kyn treatment, indicating that wild-type plants respond normally to auxin treatment despite auxin synthesis 

inhibition. Changes in Ppclv1a1b and Ppclv1a1brpk2 plant spread, as well as most of the perimeter ratio 

measurements, were inconsistent between experimental replicates, and discounted from further 

consideration. However, Pprpk2 mutant plants had a reduced spread when grown on NAA + L-kyn compared 

to L-kyn in all three replicates, suggesting that Pprpk2 growth is repressed further by inhibition of 

endogenous auxin synthesis combined with exogenous auxin application. If the abnormal response of Pprpk2 

plants to auxin was only due to a hyperactive auxin perception or response, then Pprpk2 plants should 

respond similarly to both NAA and NAA + L-kyn, as both conditions should nearly saturate the response 

pathway. However, Pprpk2 plants grown on NAA and NAA + L-kyn treatments are different. Therefore, while 

a more sensitive auxin signaling and response pathway in Pprpk2 mutants cannot be excluded, it alone would 

be insufficient to explain the observed phenotype.  

While endogenous auxin production is likely to happen in specific parts of the plant (Eklund et al., 2010b; 

Landberg et al., 2021), NAA treatment supplies auxin uniformly from the media. Therefore, the NAA + L-kyn 

treatment does not only alter the amount of auxin present, but also its distribution. This observation implies 

that for Pprpk2 mutants not only the amount of auxin is important, but also its source location, suggesting a 

role for local auxin gradients in generating the Pprpk2 mutant phenotype. 
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Figure 4.16) Combined L-kyn and NAA treatment causes strong growth inhibition in Pprpk2 mutant but not wild-type 

plants. (A) Images of 4 week-old plants grown in long day conditions showing overall morphology. Plants are from the 

second experimental replicate. Scalebar = 5 mm. (B-D) Quantification of area and perimeter ratio from the first, second 

and third replicate respectively. Wild-type plant area increased or stayed constant in plants treated with NAA + L-kyn, 

while it strongly decreased in Pprpk2 plants treated with either NAA or L-kyn, and a further inhibition of growth was 
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present in Pprpk2 plants grown on NAA + L-kyn. Perimeter ratio measurements were inconsistent. Black asterisks 

indicate significant difference from untreated plants from the same genotype; grey asterisks indicate significant 

difference between treatments of interest. (n ≥ 30; One-way ANOVA and Tukey test on each genotype; p < 0.05).  Data 

collected with help from Amy Stewart. 

 

Inhibition of auxin transport in combination with auxin application also represses protonemal 

growth in Pprpk2 mutants 

Auxin gradients in plants are frequently generated by PIN-mediated active auxin transport between cells 

(Grieneisen et al., 2007). I reasoned that the inhibition of growth present in Pprpk2 plants in response to NAA 

+ L-kyn treatment could be explained by weaker auxin transport, which was at an insufficient level to pattern 

auxin gradients without an endogenous source of the hormone. To test the strength of auxin transport in 

clavata plants, I grew wild-type and Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 mutant plants on media 

containing either a solvent control (0.077% EtOH, 0,002% DMSO), 5 µM of the auxin transport inhibitor N-1-

naphthylphthalamic acid (NPA) (Geldner et al., 2001; Abas et al., 2021), 1 µM NAA, or both 5 µM NPA and 1 

µM NAA (Figure 4.17). Wild-type plant area was larger in only one out of two replicates in response to NPA 

with or without NAA, and perimeter ratio consistently decreased in both replicates, supporting the notion 

that auxin transport regulates caulonemal development (Viaene et al., 2014). While changes in Ppclv1a1b 

mutant area were small and not consistent between replicates, Ppclv1a1b mutant perimeter ratios were 

similar to wild-type measurements. Pprpk2 plants grown on NPA or NAA + NPA were significantly smaller 

than plants grown on the solvent control or on NAA only in both replicates. Perimeter ratios of Pprpk2 plants 

were reduced in one of two replicates in response to NPA alone, and in both replicates in response to NAA + 

NPA. The triple receptor mutant Ppclv1a1brpk2 responded similarly to the Pprpk2 mutant. Overall, NAA + 

NPA treatment did not inhibit growth of wild-type protonemata but made growth more uniform, while 

Pprpk2 plant growth was strongly inhibited by the NAA + NPA treatment, in a similar way to the NAA + L-kyn 

treatment. These data support the hypothesis that the growth inhibition observed in Pprpk2 plants growth 

on NAA, and also L-kyn, is at least partially due to the disruption of auxin gradients, and that auxin transport 

is weaker in Pprpk2 mutants. 
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Figure 4.17) In Pprpk2 mutant but not wild-type plants, protonemal growth is repressed by auxin transport inhibition. 

(A) Images of 4 week-old plants grown in long day conditions showing overall morphology. Plants are from the first 

experimental replicate. Scalebar = 5 mm. (B-C) Quantification of area and perimeter ratio from the first and second 

replicate respectively. An increased area was observed in wild-type plants in one out of two replicates in response to 

NPA treatment. While Ppclv1a1b area was not consistent between replicates, Pprpk2 and Ppclv1a1brpk2 area strongly 

decreased in response to NPA, NAA and NPA + NAA in increasing order. Perimeter ratio of wild-type and Ppclv1a1b 

plants was reduced by NPA and NPA + NAA treatment, while Pprpk2 and Ppclv1a1brpk2 perimeter ratio consistently 

decreased in plants grown on media containing NPA + NAA. Black asterisks indicate significant difference from untreated 

plants from the same genotype; grey asterisks indicate significant difference between treatments of interest; (n ≥ 30; 

One-way ANOVA and Tukey test on each genotype; p < 0.05). 
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PpPIND is a weaker repressor of caulonemal identity than PpRPK2  

Previous observations from Dr Jill Harrison’s lab reported that Pppind mutants had increased production of 

foraging protonemata. Therefore, I hypothesized that PpRPK2 could regulate auxin transport by acting on 

PpPIND, and that a reduced amount of PpPIND in Pprpk2 mutant plants could lead to their caulonema 

overproduction phenotype. To test this hypothesis, I carried out a preliminary experiment by growing three 

Pppind lines (47, 83, 98) together with wild-type and Pprpk2 mutant plants, and quantified and compared 

their phenotypes (Figure 4.18). Pppind plants developed gametophores like wild-type plants, but two out of 

three lines (47 and 83) had an increased perimeter ratio, indicating caulonema overproduction. The area of 

Pppind plants was slightly higher than wild-type plant areas, but the difference was not significant, probably 

due to the lower number of plants sampled (n = 16). It was clear however that the Pprpk2 mutant phenotype 

was more extreme, with an area and perimeter ratio considerably larger than any Pppind line. To explore 

Pppind mutant phenotypes at the cellular level, I quantified cell morphology from foraging protonemata. 

Subapical cells from all three Pppind lines were significantly longer with more oblique cell division planes 

than wild-type subapical cells, but shorter and with more transverse cell division planes than Pprpk2 

subapical cells. While no difference in cell division plane angle was observed between branch cells, Pprpk2 

but not Pppind mutant branch cells were shorter than wild-type branch cells. Taken together these data show 

how Pppind protonemal phenotypes are qualitatively similar to Pprpk2 phenotypes, but quantitatively 

weaker. Thus, alterations in PpPIND alone would not be enough to explain Pprpk2 mutant phenotypes.  
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Figure 4.18) Pppind mutants have an intermediate phenotype between wild-type and Pprpk2 mutants. (A) Images of 

4-week old plants grown in long day conditions showing overall morphology. Only one experimental replicate was 

performed. Scalebar = 5 mm. (B) Quantification of area and perimeter ratio. Pppind lines have intermediate perimeter 

ratio values between wild-type and Pprpk2 plants. (n ≥ 16; * = pvalue < 0.05). (C) Subapical cell morphology in Pppind 

mutants is intermediate between wild-type and Pprpk2 subapical cells morphology. Raw data. Dark blue dots represent 

branch cells, light blue dots represent subapical cells. (D) Subapical cell morphology in Pppind mutants is intermediate 

between wild-type and Pprpk2 subapical cells morphology. Summary graphs and statistical analysis. Letters indicate 

significant differences between groups, error bars indicate standard deviation. (Two-way ANOVA and Tukey’s test;  n ≥ 

30; * = pvalue < 0.05). 
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PpPINA, PpPINB and PpPINC expression is downregulated in clavata mutants.  

PpPINA and PpPINB suppress caulonemal cell identity in P. patens (Viaene et al., 2014), suggesting that 

PpRPK2 could act by moderating PpPIN activity. To test this hypothesis, I firstly examined the Ortiz-Ramirez 

et al. (2016) RNAseq dataset available on Peatmoss, which showed higher PpPIN expression in chloronemata 

than caulonemata, similarly to what was observed for auxin synthesis genes (Figure 4.19A). Next, I looked 

for differences in PpPIN gene expression between wild-type, Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 

protonemal cultures (Figure 4.19B-C). RT-PCR was performed on the same cDNA samples used in the 

expression analysis of auxin synthesis genes. While PpPIND did not show any obvious difference between the 

genotypes, PpPINA appeared downregulated in the Pprpk2 mutant background, PpPINB expression appeared 

downregulated in all mutants, and PpPINC expression was detectable only in one wild-type cDNA sample. As 

semi-quantitative differences were detected by RT-PCR results, I wished to confirm them by qPCR. A third 

biological replicate was added to this end. In accordance with the Ortiz-Ramirez et al. (2016) database, the 

most expressed gene in wild-type protonemata was PpPIND (cT = 27.7 cycles), followed by PpPINA and 

PpPINB (cT = 28.9 and 29.7 cycles respectively). Despite the use of five times more concentrated cDNA 

template, PpPINC could only be amplified from wild-type samples (cT = 33.0 cycles). PpPIND expression was 

unaltered between wild-type and mutant samples. PpPINA was downregulated in all mutants, but only 

significantly so in Pprpk2 tissue, and PpPINB was expressed less in all mutants. Overall, the expression analysis 

shows reduced expression of canonical PpPIN genes in clavata mutant protonemata, supporting the 

hypothesis that diminished auxin transport could account for the Pprpk2 mutant phenotype.  
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Figure 4.19) Expression of PpPIN genes from Peatmoss browser (A) and in clavata mutant backgrounds (B,C). (A) Wild-

type expression data from the Ortiz-Ramirez et al. (2016) dataset show a downregulation of PpPIN expression in 

caulonemata. (B) RT-PCR results showing the expression of PpPIN genes in wild-type, Ppclv1a1b, Pprpk2 and 

Ppclv1a1brpk2 protonemata. PpPINA-C show lower expression in at least one mutant. For each genotype, replicates in 

the first and second/third well are two biological replicates. The second and third well are technical replicates (ie, two 

different RNA extractions from the same biological sample). No RT = non-retrotranscribed wild-type RNA. NC = negative 

control. PpUBI = Amplification of PpUBIQUITIN used as loading controls (Since the same cDNA templates were used, 

controls are the same as in Figure 4.12). (C) qPCR results showing expression of PpPIN genes in wild-type and clavata 

mutants. PpPINA-C expression was lower in at least one mutant. PpPIND expression was unaffected by clavata  

mutations. PpPIND expression was the highest, followed by PpPINA and PpPINB. PpPINC expression was extremely low 

and only detectable in wild-type tissue. 60s was used as housekeeping gene (n = 3;  n.d. = Not determined; * = pvalue < 

0.05 between wild-type and mutant samples. No significant differences were found between mutants).  
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DISCUSSION 

In this chapter clavata mutant phenotypes were used to understand the interactions between CLAVATA 

pathway genes and hormone homeostasis in P. patens. Firstly, I show that Pprpk2, and to a lesser extent 

Ppclv1a1brpk2, mutants are hypersensitive to cytokinin treatment both at the whole plant and filament level. 

However, a hyperactive cytokinin response pathway should lead to reduced caulonemata production, which 

is not observed in Pprpk2 mutants (Lindner et al., 2014; Coudert et al., 2019c). Since the concentration of 

biologically active cytokinin bases was unchanged in clavata mutants grown on BCDAT media, I reasoned that 

hyper-responsiveness to cytokinin could be a secondary effect of perturbations in auxin homeostasis 

(Aoyama et al., 2012; Lavy et al., 2016). Indeed Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 mutants contained less 

biologically active auxin when grown on medium lacking ammonium tartrate, and the inhibition of auxin 

synthesis suppressed Pprpk2 and Ppclv1a1brpk2 mutant phenotypes at the whole plant level. Additionally, 

Pprpk2 and Ppclv1a1brpk2 mutants have an abnormal response to exogenous auxin, and growth inhibition 

occurs in both mutants but not in the wild-type when auxin gradients are perturbed by NAA + L-kyn or NAA 

+ NPA treatment. This suggests that mutations in the clavata pathway weaken auxin transport, an argument 

supported by finding lower expression of canonical PpPINs (PpPINA-C) in Ppclv1a1b, Pprpk2 and 

Ppclv1a1brpk2 mutant protonemata. Overall, these data show how lower auxin content and reduced PpPIN 

expression in protonemata likely contribute to clavata mutant phenotypes, possibly together with a different 

sensitivity of the auxin signaling and response pathway.  

The sites of auxin production in protonemata are unclear 

Spatial patterns of auxin synthesis are likely to impact P. patens development (Zhao, 2018), but it is still 

unclear where auxin is produced in protonemal tissues. PpSHI genes are preferentially expressed in 

caulonemata, and are thought to promote auxin synthesis by enhancing transcription of PpYUCCA genes 

(Eklund et al., 2010b). However, it has recently been shown that PpTAA genes encode the rate limiting step 

of auxin synthesis in P. patens, and their expression in gametophores does not match with PpSHI expression 

(Landberg et al., 2021). PpTAA expression in protonemata has not yet been studied, making it difficult to 
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localize the auxin source in this context. Since the expression of PpRPK2::NGG and PpCLV1b::NGG is present 

in the apical portion of caulonemal filaments, we expect their effect on auxin synthesis to be localized in this 

region. If these cells do not produce auxin, an unknown signal would be needed for clavata-mediated 

regulation of auxin synthesis in foraging protonemata. 

Nitrogen availability affects hormonal balance in wild-type and mutant plants 

Because nitrogen availability regulates caulonema development (Thelander et al., 2005; Sugiyama et al., 

2012), it is not surprising that wild-type plants grown on BCD (low nitrogen) had a different auxin and 

cytokinin balance compared to plants grown on BCDAT (high nitrogen) medium. Interestingly, some of the 

hormonal differences between clavata mutants and wild-type plants are stronger on BCD medium (ie IAA 

content). Because CLAVATA genes have caulonema-specific expression, it is reasonable that effects of loss of 

CLAVATA function could be more obvious in caulonema-inducing conditions (BCD medium). This could 

suggest that CLAVATA expression might be directly or indirectly regulated by nitrogen availability, as is the 

case in flowering plants (Araya et al., 2014b; Lim et al., 2014). To test this hypothesis, it would be interesting 

to quantify CLAVATA gene expression in BCD and BCDAT media. However, clavata mutant phenotypes can 

be found in plants grown on either media (Chapter 3, Figure 3.8), and thus CLAVATA-mediated regulation of 

caulonemal development is at least partially independent of nitrogen availability.  

Receptor mutants differ in their phenotype intensities and in response to NAA and L-kyn 

treatment 

Ppclv1a1b mutant morphology and responses to pharmacological treatments were often different from 

Pprpk2 or Ppclv1a1brpk2 plants. On the solvent control treatments shown in this chapter, Ppclv1a1b area 

was larger than wild-type area only in 8/14 replicates, and perimeter ratio values were higher in 7/14 of the 

replicates. In foraging protonemata from the same plants, Ppclv1a1b subapical cells were longer than wild-

type cells in 5/9 replicates. Therefore, the additional growth experiments shown in this chapter confirm the 

Chapter 3 hypothesis that Ppclv1a1b mutant phenotype in the absence of supplementary hormones is 
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qualitatively similar to Pprpk2 and Ppclv1a1brpk2 mutant phenotypes, but weaker and/or more variable, 

appearing in roughly half of the experiments.   

When grown on L-kyn, wild-type plants had a significantly smaller area than on solvent control in 3/6 

replicates, compared to 5/6 replicates for Ppclv1a1b and 6/6 for Pprpk2 and Ppclv1a1brpk2. In response to 

NAA, wild-type plants increased their area in 6/8 replicates, against 3/8 for Ppclv1a1b plants and 7/8 or 8/8 

respectively for Pprpk2 and Ppclv1a1brpk2 plants. These data indicate that Ppclv1a1b, Pprpk2 and 

Ppclv1a1brpk2 mutants have a similar strong response to inhibition of auxin synthesis, while the Ppclv1a1b 

mutant response to exogenous auxin application is weaker than in wild-type, Pprpk2 and Ppclv1a1brpk2 

mutant plants. 

Phenotypic differences between clavata mutants could be explained by the different expression 

patterns of receptor-encoding genes  

Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 mutants all have reduced auxin content and canonical PpPIN 

expression, however only Pprpk2 and Ppclv1a1brpk2 mutants display the caulonema overproduction 

phenotype and abnormal morphological responses to cytokinin and auxin treatment. A lower auxin 

sensitivity could partially explain the weaker Ppclv1a1b mutant phenotype, but the different expression 

patterns of receptor encoding genes could also contribute to observed phenotypic differences. As previously 

discussed, PpRPK2 expression in the apical cell likely relate to its predominant role, because apical stem cell 

activity determines protonemal identity and plant shape (Chapter 3, Figure 3.6). Mutations in PpCLV1a and 

PpCLV1b can also have an effect, even if weak and/or variable between replicates. This could be due to low 

PpCLV1b expression in the apical cell in some, but not all, filaments. An alternative explanation could be that 

subapical cells have a role in regulating movement of nutrients and auxin to the apical cell, and thus PpCLV1b 

could make the transition from chloronema to caulonema more robust by regulating the flow of auxin to the 

apical cell. 
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Lower canonical PIN expression in clavata mutants could cause the observed phenotypes 

Canonical PpPIN expression is lower in clavata mutants and this difference is statistically significant for 

PpPINB and PpPINC. While PpPINA downregulation is statistically significant in Pprpk2, in Ppclv1a1b and 

Ppclv1a1brpk2 mutants its expression is lower than in wild-type plants, but not significantly so (pvalue = 

0.093 and 0.179 respectively). Because PpPINA is the predominantly expressed canonical PpPIN in 

protonemata, I would like to repeat the qPCRs on three different biological samples to be sure that the 

reduction in PpPINA expression is consistent. In the meantime, I believe the data suggest a downregulation 

of PpPINA more than they suggest wild-type expression levels in Ppclv1a1b and Ppclv1a1brpk2 mutants. 

Based on published RNAseq datasets (Figure 4.19), plants with more caulonemata should have lower PpPIN 

expression. Interestingly, caulonemata (as indicated by wild-type subapical cell data) were found to be more 

responsive to NAA treatment than chloronemata (as indicated by wild-type branch cell data), implying that 

even in the wild-type plants lower PpPIN expression could make caulonemal cells more sensitive to changes 

in auxin homeostasis. However, in our experimental set up it is unlikely that the reduced PpPIN expression 

found in clavata mutants is only due to differences in caulonema abundance. First, 5-day old blended 

protonemata were used for RNA extraction. Since caulonemal differentiation gradually starts between the 

third and seventh day of filament growth (Jang & Dolan, 2011), the amount of caulonemata present in the 

samples was likely lower than in the 4-week old colonies phenotyped. Second, in our dataset the levels of 

PpPINs expression are similar between Ppclv1a1b and Pprpk2 mutants, despite the difference in the amount 

of caulonemata present in whole plants. Third, PpPIND expression is unaltered in protonemal cultures of 

clavata mutants independently of the amount of caulonemata present in whole plants. Therefore, even if 

other scenarios are possible, the most direct explanation is that CLAVATA genes upregulate canonical PpPINs 

expression. I propose a model in which PpRPK2 promotes canonical PpPIN expression to regulate the auxin 

flow out of the apical cell, while PpCLV1b regulates the movement of auxin from the subapical cells to the 

apical cell via PpPINs to make the transition to caulonemal identity more robust (Figure 4.20). In this 

framework, a lack of auxin transport towards the apical cell would result in higher variability in caulonemal 
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development (Ppclv1a1b mutant), while accumulation of auxin in the apical cell would result in increased 

frequency of chloronema to caulonema transitions (Pprpk2 mutant). 

 
Figure 4.20) Model of CLAVATA action in caulonema apical cells. (A) In wild-type caulonemata, PpRPK2 is expressed 

predominantly in the apical cell, and PpCLV1b is expressed in the subapical cells. PpPINs are expressed both in apical 

and subapical cells in the apical portion of the filament and transport auxin acropetally (Viaene et al., 2014). Auxin 

perception is shown as the readout of the PpR2D2 reporter, which is lower in the apical cell than in the subapical cells 

(Thelander et al., 2019). (B) In Ppclv1a1b mutants only PpRPK2 is expressed and there could be a lack of canonical auxin 

transporters in the subapical cells. If this is true, I hypothesize it could result in a higher auxin perception from the 

PpR2D2 reporter. (C) In Pprpk2 mutants, PpCLV1b activity causes canonical PpPINs to move auxin towards the apical 

cell, but auxin is not exported from the apical cell. I hypothesize that in this context accumulation of auxin in the apical 



166 
 

cell, but not in the subapical cells, could be sensed by the PpR2D2 reporter. (D) In Ppclv1a1brpk2 mutant, no CLAVATA 

receptors are expressed, so any residual auxin transport between cells is dependent on other mechanisms. PpPIND 

expression is not affected in clavata mutants, so PpPIND is likely still sequestering auxin in the endoplasmic reticulum 

(Grey ovals).  I hypothesize that in Ppclv1a1brpk2 mutant the PpR2D2 read out should be more uniform than in the 

other genotypes. Possible effects of lower auxin synthesis in Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 mutants on the 

PpR2D2 readout are not shown.  

clavata mutants with low PpPIN expression could accumulate toxic auxin concentrations in 

caulonemal apical cells upon NAA treatment, inhibiting growth 

Interestingly, L-kyn and NAA treatments caused opposite responses on whole wild-type plants but had 

remarkably similar effects on foraging protonemata identity: in both wild-type and mutant plants the 

differences between branch cells and subapical cells were reduced. This finding indicates that local auxin 

gradients could be more important than overall auxin levels in determining apical cell identity. This idea is 

supported by the fact that Pppinab mutants have increased caulonema production, while mutants with 

constitutive auxin response do not (Viaene et al., 2014; Lavy et al., 2016). In wild-type gametophores, PpPIN-

mediated auxin transport prevents auxin accumulation in the apex, and gametophore growth is arrested by 

low auxin concentrations in Pppinab mutants (Bennett et al., 2014b). Similarly, PpPIN expression in the apical 

portion of protonemal filaments could help maintaining the low auxin levels needed for protonemal apical 

stem cells function (Viaene et al., 2014). Because of its localized lack of PpPIN expression, Pprpk2 could be 

unable to keep auxin concentrations sufficiently low in the apical cell in the presence of exogenous auxin 

treatments, resulting in the observed growth inhibition.  

PpRPK2 could interact with repressing PpARFb to regulate the frequency of caulonema 

differentiation 

Gradients of auxin sensitivity and response have been shown to exist in P. patens (Thelander et al., 2019). 

Interestingly, PpR2D2 and PpDR5v2 reporter lines gave different results in caulonemal tip cells, where an 

auxin sensing minimum (PpR2D2) was combined with an auxin response (PpDR5v2) maximum. The authors 

consider PpDR5v2 activity in caulonemal apical cells to be due to AUX/IAA independent regulation of 

repressive PpARFb, possibly by tasiRNAs (Plavskin et al., 2016; Thelander et al., 2019). This would imply that 
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the low levels of signaling are then amplified only in the few chloronemal cells that stochastically lack PpARFb, 

leading to high auxin response and transition to caulonemal identity. However, not all the chloronemal cells 

lacking PpARFb differentiate to caulonema, so an additional repressive mechanism is needed to explain wild-

type levels of caulonema production (Plavskin et al., 2016). I propose that PpRPK2 could be a target of 

repressing PpARFb. The few chloronemal cells in which we see PpRPK2 expression could be the ones in which 

PpARFb are downregulated by tasiRNA, and that are therefore competent for differentiation. Between these, 

cells that are in proximity of CLE peptide sources (caulonemata tips or buds) could be prevented from 

transitioning by PpRPK2-mediated regulation of auxin synthesis and/or transport (Figure 4.21A-B). A small 

number of cells would escape this inhibition and start the transition to caulonemal identity. Since caulonemal 

apical cells produce CLE peptides (Chapter 3, Figure 3.5-3.6), PpRPK2 would be able to sense when the 

transition is completed and to halt the morphological changes. In Pprpk2 mutants all cells that lack PpARFb 

would be allowed to differentiate in caulonemal apical cells, and the morphological transition would stop 

later than in wild-type caulonemata, leading to more extreme cell shapes. Another possibility is that the two 

pathways independently and redundantly repress transition to caulonemal development, so that only tip 

cells stochastically lacking both repressions would differentiate to caulonema. To distinguish between these 

possibilities it would be interesting to measure the levels of CLAVATA genes in Pparfb mutants and 

overexpressor lines (Lavy et al., 2016; Plavskin et al., 2016). 

Further work will be needed to understand the relation between CLAVATA and auxin signaling 

and response 

In the experiments shown here I address the relationship between CLAVATA and auxin production and 

transport in protonemata. clavata mutants also display altered auxin response, but further experiments will 

be needed to understand the molecular mechanisms leading to this (Figure 4.21C). The comparison of 

PpAUX/IAA and PpTIR1 expression levels between wild-type and clavata mutant protonemata would disclose 

potential differences in auxin perception. A gain-of-function approach like growing wild-type plants on CLE 

peptides does not cause a decrease in area (Whitewoods et al., 2018), but effects on perimeter ratio and 

protonemal cell identity have not been studied yet. Growing PpR2D2 and PpDR5v2 reporters on CLE peptides 
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would test if CLAVATA pathway activation can influence the strength and localization of auxin perception and 

response in foraging protonemata. Crosses between Ppclv1a1b and PpR2D2 lines generated germinating 

spores, and Wei Liu (Harrison Lab) is transforming the PpR2D2 and PpDR5v2 constructs in the Pprpk2 mutant 

background. The new lines will enable us to visualize differences in the gradients of auxin perception and/or 

response between wild-type and clavata mutant protonemata and, combined with the CLE peptides 

application experiments, will help to resolve the effects of CLAVATA on auxin perception and response.  

 

 

Figure 4.21) CLAVATA interacts with auxin at different levels. (A) Model of filament development if PpRPK2 expression 

is repressed by PpARFb. PpRPK2 is expressed in few competent chloronema tip cells lacking PpARFb expression where 

it can perceive the presence of a neighboring caulonema or bud producing CLE peptides. (B) At a later time point, the 

absence of CLE binding allowed caulonemal differentiation until the apical cell started to produce CLE peptides, causing 

autocrine repression. (C) Here we show that PpRPK2 and PpCLV1a/b inhibit the chloronema to caulonema transition by 

upregulating canonical PpPIN expression (Viaene et al. 2014). PpRPK2 and PpCLV1a/b also upregulate auxin synthesis, 

which promotes the transition (Lavy et al. 2016). Pharmacological experiments showed that Ppclv1a1b and Pprpk2 

mutants have different responses to auxin application, but further experiments would be needed to understand exactly 

if/how they modify the auxin response pathway (Grey lines). PpARFb repress auxin response (Plavskin et al. 2016), and 
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further studies will be needed to understand the links between CLAVATA, PpARFb and auxin perception (Grey dashed 

lines).  
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CHAPTER 5 

CLAVATA regulates multiple developmental transitions 

in P. patens 

ABSTRACT 

Components of the CLAVATA pathway influence aspects of Arabidopsis development. During the P. patens 

life cycle, stem cells go through multiple developmental transitions which require changes in identity, as well 

as in division plane orientation. These occur when the gametophore apical cell is first established in the bud 

and during subsequent development of lateral organs like phyllids and gametangia. With others, I showed 

how CLAVATA regulates gametophore and protonemal development (Chapter 2-4), but clavata mutants also 

have altered bud and phyllid development (Whitewoods et al., 2018). However, it is not clear how CLAVATA 

genes act in these processes. Here I show that PpCLE genes have specific expression patterns and potentially 

distinct functions in during bud and phyllid development. While all clavata mutants can transition to sexual 

development and produce gametangia, some show reduced or no fertility. Smaller gametangia were found 

in clavata mutants, but future studies are needed to understand if they could cause the observed sterility. 

Overall, I show that CLAVATA pathway regulates development of all gametophytic tissues in P. patens.  
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INTRODUCTION 

Bud fate is determined by hormonal cues and genetic regulators  

The evolutionary transition from 2D to 3D growth which coincided with plant’s colonization of land is 

recapitulated in the developmental transition from 2D to 3D growth in P. patens (Harrison et al., 2009). 

During 2D growth, caulonemal filaments produce lateral initials that mostly become secondary 

chloronemata, except in about 5% of cases in which they form buds (Cove & Knight, 1993). Buds are the 

developmental setting in which cell division plane rotation remodels the moss growth habit from filamentous 

to multi-dimensional, setting the context for shoot development. The number of buds increases if cytokinin 

levels increase, and auxin also promotes bud formation, possibly by enhancing cytokinin sensitivity (Ashton 

et al., 1979b).  The developmental switch between chloronemata or bud production occurs before the lateral 

initial is cut from the parental cell, and cell fate can be distinguished by morphological cues such as the angle 

of the division plane and cell width (Tang et al., 2020). Lateral initial cell fate is regulated by PpAPB 

transcription factors, whose expression acts as a molecular switch: if PpAPBs are expressed in the initial cell 

it will acquire bud fate. PpAPBs are therefore positive regulators of bud identity, and their transcription is 

upregulated by auxin but not cytokinin (Aoyama et al., 2012).  

Positioning of cell division planes in the early bud initiates 3D growth and is tightly regulated 

After bud identity is established, four rotating cell divisions are needed to establish the tetrahedral apical 

cell, a unicellular shoot meristem (Harrison et al., 2009). The activity of at least three genes (NO 

GAMETOPHORES1/2 (PpNOG1/2) and DEFECTIVE KERNEL1 (PpDEK1)) regulates both bud specification and 

the correct positioning of bud cell division planes (Perroud et al., 2014, 2020; Moody et al., 2018, 2020). 

PpNOG1 encodes a ubiquitin associated protein and Ppnog1 mutants display a reduction in PpAPB expression 

and bud number, combined with aberrant bud division planes. These findings suggest that PpNOG1 promotes 

bud specification by upregulating PpAPB transcription (Moody et al., 2018). Vice versa, PpNOG2 encodes for 

an enzyme involved in the flavonoid biosynthesis pathway which represses bud specification and regulates 
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bud development. Cytokinin promotes PpNOG2 transcription, and PpNOG2 promotes the transcription of 

PpCLE4 and PpCLE5, but not PpCLE7, drafting a link between cytokinin and CLE peptides in moss (Moody et 

al., 2020). PpDEK1 encodes for a calpain-containing protein which also represses bud specification and 

regulates the correct positioning of cell division planes in the bud (Perroud et al., 2014). Interestingly, PpDEK1 

protein is polarly localized in 3D tissues, accumulating in the plasma membrane between two newly divided 

cells (Perroud et al., 2020). It has been proposed that PpNOG1 and PpDEK1 may work antagonistically in bud 

determination and synergistically in setting division plane orientation in buds, and that PpDEK1 might be a 

direct target of PpNOG1 ubiquitin-ligase activity (Moody et al., 2018; Perroud et al., 2020). Misoriented cell 

divisions are also seen in buds, as well as in adult gametophores, in absence of PpTON1, which regulates 

microtubule organization and preprophase band formation (Spinner et al., 2010). Therefore, bud initiation is 

regulated by cytokinin, auxin, PpAPB, PpNOG1/2 and PpDEK1, while division plane orientation in the bud is 

regulated by PpNOG1/2, PpDEK1 and PpTON1, with the latter being inessential for gametophore 

development.  

clavata mutants show defects in cell division planes orientation in the buds 

A subset of clavata mutant lines also showed increased bud production and disruption of cell division plane 

orientation in the buds (Figure 5.1, Whitewoods et al., 2018).  More specifically in PpcleAmiR1-3 and 

PpcleAmiR4-7 mutants failed to correctly place cell division planes already from the first division, which was 

not oblique. Ppclv1a1b buds place the first cell division plane correctly, but then keep repeating divisions in 

parallel planes. Pprpk2 mutants start showing some defects from the second and third cell division, and bud 

cells have diffuse growth, giving buds at later stages a raspberry-like appearance. Precise expression patterns 

of CLAVATA genes in buds are unknown. Roles for CLAVATA in determining cell division plane orientation 

were found to be conserved in Arabidopsis by collaboration with Dr Zachary Nimchuk (University of North 

Carolina at Chapel Hill). In clv1bam123 mutants, aberrant cell division planes were observed in the cortex of 

roots (Whitewoods et al., 2018).  
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Figure 5.1) CLAVATA regulates cell division in gametophore buds and in Arabidopsis roots. (A-E) Wild-type plants in A 

develop adult gametophores, while mutant plants (B-E) are mainly filamentous. (F-O) Wild-type bud development starts 

with an oblique cell division (yellow arrow in F), followed by two further divisions (blue arrows in K) that lead to the 

specification of a tetrahedral apical stem cell (* = apical cell). Mutants can fail to correctly position the first cell division 

plane (G-J) as well as later division planes (L-O), failing to establish an apical cell. (P-T) Abnormalities in later cell divisions 

in mutant buds persist. Ppclv1a1b buds seem to repeat the first division (S) while Pprpk2 cells show diffuse growth (T). 

(U) Gametophore development was frequently arrested before 1 leaf in PpcleAmiR1-3, PpcleAmiR4-7 and Pprpk2 

mutants. Development was arrested at a later stage in Ppclv1a1b mutants. (V-W) In Arabidopsis clv1bam123 mutants, 
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abnormal periclinal cell divisions were observed in the cortex layer (green). Figure reproduced from Whitewoods et al., 

(2018). 

Planar phyllids are generated by single progenitor cells and their development has been 

characterized in detail 

After bud structure is established, the apical cell cleaves daughter cells in a spiral pattern. Each daughter cell 

gives rise to a phyllid progenitor cell, which divides in two planes to generate a planar phyllid. Phyllid 

morphology changes progressively along the gametophore axis, composing a heteroblastic series. The first 

phyllids generated by the bud are made entirely by a single cell layer (juvenile), while later ones possess a 

multistratose midrib (adult) (Sakakibara et al., (2003), Figure 5.2). Adult leaves also have a higher cell number, 

while cell area increases from the tip to the bottom. The developing phyllid closest to the apex is named P1, 

because it is produced in the first plastochron, the second phyllid from the apex is called P2 and so on (Barker 

& Ashton, 2013).  

The phyllid progenitor cell cleaves merophytes on alternate sides and each merophyte then divides multiple 

times, first longitudinally and then transversally, to form a lateral segment of the leaf (Harrison et al., 2009). 

Earlier proximal merophytes proliferate more than later distal ones, resulting in an acropetal wave of cell 

division (Harrison et al., 2009; Barker & Ashton, 2013). Cell expansion starts at the distal end of the phyllid in 

P2-P3 and continues in an increasing basipetal wave until P6, so that cells at the phyllid base expand more 

than cells at the tip. Cell division is predominant in P1-P2 phyllids, while cell expansion produces most of the 

growth in P4-P6, but proliferation still persists in the wider portion of the leaf lamina in adult phyllids until 

P6 (Harrison et al., 2009; Barker & Ashton, 2013).  
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Figure 5.2) Phyllids develop in a heteroblastic series along the gametophore axis. (A) Sample phyllid with landmarks 

used in shape analysis in Barker & Ashton (2013) shown in orange. (B-J) Heteroblastic series of the first nine phyllids 

from a gametophore with 13 leaves, starting from the most basal juvenile phyllid (B) to the most apical adult one, which 

is still growing (J). (K) Leaf length increases in the first 10 phyllids along the gametophore axis. (L) The first three to four 

leaves from the gametophore base are juvenile, and can be distinguished because they lack a midrib. Figure adapted 

from (Barker & Ashton, 2013). 

Phyllid cell proliferation and expansion are under hormonal and genetic control 

Cytokinin treatment increases cell proliferation in P. patens, causing wider phyllids to develop, with a higher 

number of smaller cells than wild type phyllids (Barker & Ashton, 2013). Additionally, PpHD-ZIPIII 

transcription factors are necessary to maintain co-ordinated cell proliferation across the phyllid during 

development: mutant phyllids have multiple tips and reduced cell numbers, and lack the large cells usually 
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present in the proximal portion (Yip et al., 2016). Conversely, auxin treated phyllids are narrower than wild 

type ones and comprise fewer, larger cells, thus exogenous auxin reduces cell proliferation and promotes cell 

expansion in phyllids (Barker & Ashton, 2013). Since the basipetal wave of cell expansion correlates with a 

wave of PpPIN expression and protein polarization, endogenous auxin might be responsible for the basipetal 

wave of cell expansion (Viaene et al., 2014). PpPIN transporters role in P. patens phyllid development has 

been confirmed by the phenotypes of PpPIN overexpressors and Pppin mutant lines, which have thinner 

phyllids with less cells (Bennett et al., 2014b; Viaene et al., 2014; Dennis et al., 2019). Therefore hormonal 

(cytokinin and auxin) and genetic (PpHD-ZIPIII and PpPIN) factors are needed to balance cell proliferation and 

expansion during P. patens phyllid development.   

Gametangia formation marks the transition from vegetative to sexual development 

Reproductive development is induced by low temperatures and short-day conditions in P. patens (Hohe A. 

et al., 2002). Female and male sexual organs (archegonia and antheridia) develop in bundles, starting from 

two kinds of short-lived apical cells, which daughters proliferate to form the final organ (Landberg et al., 

2013; Kofuji et al., 2018). A fully formed antheridium is made by a yellow outer cell layer and an inner layer 

that generates biflagellate sperm cells, which are released when the outer cells at the tip burst. The 

archegonia consist of a coated egg cavity, in which an inner cell differentiates into one egg, and by a neck 

containing a canal. Upon maturation, the tip of the neck opens and the cells in the canal collapse, connecting 

the egg with the outside. When the canal inside turns brown, fertilization can occur (Tanahashi et al., 2005; 

Landberg et al., 2013). The apical cells of both antheridia and archegonia act as an auxin source, and auxin 

sensing regulates gametangia development preventing the formation of ectopic apical cells in the antheridia 

and ectopic canal cells in the archegonia. Low levels of auxin sensing are needed for the correct 

differentiation of sperm and egg cells and might depend on PpPIN activity (Landberg et al., 2021). The apical 

opening of both antheridia and archegonia following gamete maturation is also likely to be regulated by auxin 

distribution patterns (Landberg et al., 2013, 2021).  
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P. patens sporophyte development is regulated by genes that are homologous to angiosperm 

meristematic genes 

After fertilization, the zygote divides asymmetrically to generate a basal and an apical cell, and the latter acts 

as a stem cell for a dozen of cell division. When the apical cell stops dividing, growth continues by diffuse cell 

proliferation, until a second, intercalary meristem is formed in the middle of the sporophyte (French & 

Paolillo, 1975; Sakakibara et al., 2008). This stripe of stem cells produces daughters basally, causing 

elongation of the stalk (seta), and their activity is promoted by class I KNOX genes through activation of 

cytokinin biosynthesis (Coudert et al., 2019b). Intercalary meristem termination is followed by capsule 

expansion, during which the apical portion of the sporophyte increases in diameter due to diffuse cell 

proliferation. At this stage, stomata differentiate at the capsule base and meiotic genes are activated to 

initiate spore formation (Ortiz-Ramírez et al., 2016). In the last phase of sporophyte development, the mature 

capsule becomes brown due to the deposition of spore cell walls (Ortiz-Ramírez et al., 2016).  

The mutation of three relatives of angiosperm meristematic genes, LEAFY (PpLFY), PpWOX13L and PpBELL1 

stops embryo development at the single cell stage (Tanahashi et al., 2005; Sakakibara et al., 2014; Horst et 

al., 2016), and PpBELL1 overexpressing lines can form largely normal ectopic sporophytes from caulonemata, 

indicating that PpBELL1 is sufficient to activate sporophyte development (Horst et al., 2016). The class II KNOX 

gene MOSS KNOX6 (PpMKN6) regulates the opposite process, repressing gametophytic programs in the 

sporophyte: if this gene is deleted, protonemal filaments can be produced from the sporophyte body 

(Sakakibara et al., 2013). Polar auxin transport has been proven in moss sporophytes and chemical inhibition 

or disruption of PpPIN function can cause the development of sporophytes with multiple axes and a double 

capsule, suggesting a conserved role for auxin in setting embryo polarity (Fujita et al., 2008; Bennett et al., 

2014b). 

Aim of the chapter 

In previous chapters I illustrated roles for CLAVATA pathway in shoot and protonemal development. 

However, while analyzing these phenotypes it became apparent that CLAVATA was active also in other 
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developmental contexts. In this chapter I aim to illustrate how CLAVATA pathway might regulate three crucial 

developmental transitions: bud development, phyllid growth and reproductive development.   
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METHODS 

GUS staining 

GUS staining was performed as detailed in Chapter 2, using overstain conditions unless otherwise stated. 

PpCLV1b::NGG, PpRPK2::NGG, PpCLE3::NGG, PpCLE4::NGG, PpCLE5::NGG and PpCLE6::NGG plants were 

incubated in staining solution for 7.5 hours, PpCLE2::NGG, PpCLV1a::NGG, PpCLE8::NGG and PpCLE9::NGG 

were incubated for 15 hours and PpCLE1::NGG and PpCLE7::NGG were incubated for 21 hours. Whole plants 

were overstained and buds and leaves were dissected later.  

Phyllid size and shape  

To analyze phyllid phenotypes, dissected gametophores were cleared overnight in Hoyer’s medium (50 ml 

distilled water, 30 g Gum Arabic, 200 g Chloral Hydrate, 20 ml Glycerin), washed in deionized water and 

soaked in 2 M NaOH for 2 hours (Dennis et al., 2019). After another washing step, samples were stained in 

0.05 % Toluidine Blue for 90-120 seconds and then washed until no more stain was released. Phyllids were 

then dissected and mounted for imaging. Mutant phenotype comparisons used phyllid 9 in the heteroblastic 

series from Ppclv1a and Ppclv1b mutants and wild-type plants and phyllid 3 in the heteroblastic series from 

Ppclv1a1b, Pprpk2, PpcleAmiR1-3 and PpcleAmiR4-7 mutants and wild-type plants (Barker & Ashton, 2013; 

Dennis et al., 2019). A half of each phyllid was imaged using a Keyence VHX-1000 microscope with 200 x 

magnification and a maximum resolution of 1024 pixels in the longest dimension, ensuring that there was an 

overlap of at least 25 % between each picture of the same phyllid. The images were then segmented with 

the “Trainable segmentation” tool and stitched together using FIJI. To obtain an accurate binary image of the 

cell walls in each half leaf, thresholding and manual refinement were carried out using GIMP. The images 

were then skeletonized, smoothed and binarized again several times using FIJI. The total leaf area and the 

cell number were then calculated using the “Analyze particles” tool in FIJI, with or without the “include holes” 

option.  
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Sporophyte induction 

To prepare tissue for sporophyte induction, peat discs were first rehydrated in water overnight, placed in 

Magenta pots containing 10 ml of liquid BCD media and 20 ml of deionised water, and then autoclaved. 5-7 

day old protonemal cultures were homogenised and used to inoculate the substrate. Plants were grown for 

8-10 weeks in continuous light, and then transferred to short day conditions to induce sexual reproduction 

(Hohe A. et al., 2002). When gametangia started to develop, 20-50 ml of sterile water were added to the pot, 

and then poured repeatedly on top of the gametophores to enhance sperm transfer and fertilization.  

Gametangium development  

When gametangia started to develop (2-4 weeks after induction), gametophores were fixed and cleared using 

Hoyer’s medium as previously described. Gametangia were dissected from the upper portion of 

gametophores and incubated overnight at 4 °C in the dark in a 1:4 dilution of 1 mg/ml 4′,6-diamidino-2-

phenylindole (DAPI) in deionized water. Samples were washed and mounted on slides prior to imaging using 

a Leica DM2000LED optical microscope with a 20 x or 40 x objective.  

Sporophyte development 

Sporophytes of different developmental stages were collected, dissected and imaged using a Keyence VHX-

1000 microscope. Fertility was quantified by dissecting gametophores from sporophyte-inducing cultures at 

least 8 weeks after induction and calculating the number of sporophytes over the total number of adult 

gametophores.  

PpclvAmiR line generation for analysis of sporophytic CLAVATA functions 

Construct design and cloning 

The PpclvAmiR constructs used for transformation were previously generated by Stephanie Sang, a Masters 

student in Dr Harrison’s laboratory. Three artificial microRNA (AmiRNA) constructs were designed to target 

PpCLV1a, PpCLV1b or both PpCLV1a and PpCLV1b transcripts, and inserted in two different plasmids, one 

conferring constitutive expression (pT1OG, targeted to PTA1 locus) and one for estradiol-inducible 



181 
 

expression (pPGX8, targeted to PIG1 locus, described in Kubo et al., (2013)), producing a total of six plasmids 

(Figure 5.3). The gene-specific AmiRNA sequences were designed as detailed in (Schwab et al., 2006). Four 

primers for each AmiRNA were used to PCR amplify portions of an endogenous miRNA precursor (miR319, 

from pRS300 plasmid), inserting the necessary modifications. For each target, three segments were 

generated and then joined by overlapping PCR and cloned into a pDONR vector (Gateway system). The 

fragment was then recombined into pT1OG and pPGX8 vectors by an LR Clonase reaction (Gateway system). 

The resulting six plasmids were checked by restriction digest and sequencing, transformed into E. coli and 

stored at -80 °C. 

 

Figure 5.3) Plasmid constructs to generate constitutive and inducible Ppclv1 knock down lines. Different AmiRNA 

cassettes can knock down expression of PpCLV1a, PpCLV1b or both PpCLV1a and PpCLV1b. The AmiRNA cassette was 

driven by constitutive (pEF1-α) or β-estradiol inducible (XVE system) promoters in pT1OG and in pPGX8 respectively 

(Aoyama et al., 2012; Kubo et al., 2013). Plasmids were generated by Stephanie Sang, and MSc student in Dr Harrison's 

laboratory. Promoters are in pink, terminators are in grey, resistance cassettes are in green.   
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DNA preparation and protoplast transformation  

Plasmids were purified for transformation from E. coli cultures using a Plasmid Plus Midi Kit (QIAGEN, Cat n. 

12943), and then digested with PmeI to release a linear fragment comprising the AmiRNA cassette from the 

plasmid backbone. Digestion to completion was verified by gel electrophoresis. DNA was purified with by 

adding an equal volume of Phenol:Chloroform (1:1), mixing and centrifuging for 10 min at maximum speed 

in a benchtop centrifuge. The resulting supernatant was collected and added to an equal volume of 

Chloroform:Isoamyl alcohol (24:1), mixed and centrifuged. The supernatant was collected and treated with 

2.5 volumes of cold ethanol (-20 °C) and 1/10 volume of 3 M Sodium Acetate (NaCH3COOH, pH 5.2), and 

incubated at -20 °C for at least 10 min. Following centrifugation for 5 min, the pellet was washed with 70 % 

ethanol and dissolved in TE buffer. Aliquots containing 10-15 μg of DNA were used in transformations. 

Protoplasts were isolated by digesting 5 day-old protonemal tissue grown in continuous light with 1 % (w/v) 

Driselase in an iso-osmotic 8.5 % mannitol solution for 30 minutes in the dark. Protoplasts were filtered 

through a sterile 70 µm nylon mesh and pelleted by low speed centrifugation (70 g) with no brakes. The pellet 

was gently resuspended in 8.5 % mannitol wash solution and centrifuged again, the wash was repeated and 

the resulting pellet was resuspended in MMM solution at a concentration of 1.6 x 106 protoplasts/ml. For 

each transformation, one plasmid aliquot was gently mixed with 300 µl of protoplasts in MMM and 300 µl of 

PEG solution. The mixture was heat shocked in a 45 °C water bath for 5 minutes and left to cool at room 

temperature. Protoplast Liquid Media was then added (6 ml), and samples were incubated at 23 °C in 

darkness overnight. The next morning, protoplasts were pelleted by centrifugation as above, resuspended in 

PRM/T media and then distributed over PRM/B plates covered with cellophane discs. Protoplasts were let to 

recover for a week in continuous light at 23 °C. The composition of media is detailed in Table 5.1.  
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Media  Composition  

PEG  35 % (w/v) PEG 6000, 7 % (w/v) Mannitol, 0.1 M Ca(NO3)2, 10 mM Tris (pH 7.2 with 

HCl) in deionized water  

MMM  8.5 % (w/v) Mannitol, 15 mM MgCl2, 0.1 % (w/v) 2-(N-morpholino)ethanesulfonic 

acid (MES, pH 5.6 with KOH) in deionized water  

Protoplast Liquid 

Media (PLM)  

1 mM MgSO4, 3.67 mM KH2PO4, 5 mM Ca(NO3)2, 45 µM FeSO4, 0.27 mM (NH4)2C4H4O6, 

6.6 % Mannitol, 0.5 % Glucose  

PRM/B  BCDAT with 13 mM CaCl2, 0.8 % Agar + 6 % (w/v) Mannitol  

PRM/T  BCDAT with 10 mM CaCl2, 0.3 % Agarose + 8 % (w/v) Mannitol  

Table 5.1) Media used for P. patens protoplast transformation.  

 

Selection of transformants  

After a week, regenerating protoplasts were transferred to BCDAT media plates containing 50 mg/l Zeocin. 

After 10-15 days, surviving transformants were transferred to non-selective BCDAT plates and left to grow 

for 10 days. Regenerants were then picked and spotted on BCDAT plates containing Zeocin for secondary 

selection lasting at least 15 days. The whole selection process was carried out in continuous light.  

DNA extraction and screening PCR  

DNA was extracted from lines surviving second selection as detailed in Chapter 2. PCR screening was 

performed using EcoTaq DNA polymerase (Desai & Pfaffle, 1995). For each 10 µl reaction PCR mix was 

prepared as follows: 1 µl 10x Buffer, 0.5 µl FW primer (10 µM), 0.5 µl RV primer (10 µM), 0.5 µl dNTPs (10 

mM), 6.4 µl milliQ water, 0.1 µl EcoTaq polymerase and 1 µl template. Cycling conditions were 94 °C (30 s), 

60 ˚C for 30 s and 72 °C for one minute per kilobase, repeated for 36 cycles. Primers sequences are listed in 

Table 5.2.  

 

Amplicon  FW primer  RV primer  

PTA1 5’  ACACCCTCGCTTTTACAACC  AGCTACATCCCGAACACCAA  

PTA1 3’  AAGTTATCCCTCACACCGGT  ACATCGCCACGTAGCTCTTA  

ZeoR  CAAGTTGACCAGTGCCGTTC  GTCCCGCTCAGTCCTGCT  

EF1a-AmiR cassette  GATGCACTATGAGCTAATAATTATAAAGT  CCGGGTCTAGCTAGATACAAAA  

Table 5.2) Screening primers. Sequences of the primers used for screening of PpclvAmiR1a and PpclvAmiR1b lines.  
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RESULTS 

CLAVATA genes expression in buds is dependent on developmental stages 

To understand how clavata mutant phenotypes might arise in the transition between 2D and 3D 

development, I analyzed gene expression patterns in the buds of overstained promoter::NGG lines. Bud 

development was classed into four stages (Figures 5.4 -5.5). Stage one buds comprised between 2 and 6 cells, 

while stage two buds had visible phyllid primordia and sometimes emerging rhizoids. Buds at stage three had 

multicellular, triangular phyllid primordia and elongating rhizoids. At stage four the cells in the first phyllid 

were expanding and at least two more developing phyllids were visible. The number of stained, weakly 

stained or unstained buds observed for each line at each developmental stage was recorded and staining 

frequencies are shown in Figure 5.6. 

The first analysis of bud expression was conducted using the promoter::NGG lines published in Whitewoods 

et al. (2018). PpCLE1::NGG lines had weak or no expression in buds (Figure 5.4A-D). When PpCLE2::NGG 

expression was present, it was either weak and in phyllid primordia or in the rhizoids (Figure 5.4E-H). 

PpCLE7::NGG was first expressed in hair progenitor cells in the majority of the samples at stage two, and 

expression in hairs continued in stages three and four, with some further expression in rhizoids (Figure 5.4I-

K). Whilst the majority of buds did not express PpCLV1a::NGG, PpCLV1b::NGG and PpRPK2::NGG were 

expressed from stage one in more than half of the samples (Figure 5.4M-X, Figure 5.6). PpCLV1b::NGG and 

PpRPK2::NGG signal accumulated in phyllid primordia and more broadly in the upper portion of the buds 

from stage two. At later stages both PpCLV1b::NGG and PpRPK2::NGG genes are expressed in the apical 

region, and PpRPK2::NGG is also expressed in rhizoid tips. Therefore PpCLV1b and PpRPK2 promoters are 

active from stage one, while the earliest peptide-encoding gene to be expressed is PpCLE7::NGG in 

developing hairs in stage two. One possible explanation to account for the discrepancy between the earliest 

visible expression and the onset of mutant phenotypes affecting bud development is that division plane 

orientation during early bud development could depend on the perception of peptides produced in the 
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surrounding filaments. A second possibility is that PpCLE1, PpCLE2 and PpCLE7 are not involved in early bud 

patterning but that other PpCLE peptides are expressed in buds.  

To have a complete picture of PpCLE peptide-encoding gene expression in buds I used new PpCLE3::NGG, 

PpCLE4::NGG, PpCLE5::NGG, PpCLE6::NGG, PpCLE8::NGG and PpCLE9::NGG lines generated by the Leeds 

Moss Transformation Service (see Chapter 2). Interestingly, PpCLE3::NGG and PpCLE9::NGG already showed 

signal in most buds at stage one (Figure 5.5A,U, Figure 5.6). While PpCLE9::NGG expression was present very 

early during stage one (2-3 cells) and then became less frequent, PpCLE3::NGG was strongly expressed slightly 

later during the same stage (5-6 cells), when the apical cell is established. PpCLE3::NGG expression specifically 

marks the apical cell through all observed buds developmental stages (Figure 5.5A-D). PpCLE4::NGG and 

PpCLE6::NGG were also expressed in the apical region in all buds from stage three, and PpCLE6::NGG was 

also expressed in a subset of rhizoids (Figure 5.5E-H, M-P). PpCLE5::NGG expression was robust and rhizoid 

specific, and was first visible in stage two emerging rhizoid precursor cells. Later it was expressed both in 

emerging rhizoids and in the tip of extending rhizoids (Figure5. 5I-K). Whilst PpCLE8::NGG had no or very 

weak expression in buds (Figure 5.5Q-T), PpCLE9::NGG expression became prevalent again at stage 3, and 

was specific to a cell which was identified as the phyllid initial by comparison with Harrison et al., 

(2009)(Figure 5.5W-X). In summary, PpCLE3::NGG, PpCLE9::NGG, PpCLV1b::NGG and PpRPK2::NGG are the 

first promoters activated in bud development, while at stage four, all promoters but PpCLE8::NGG are active 

(Figure 5.6).  
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Figure 5.4) Bud staining at four different developmental stages. (A-D) PpCLE1::NGG expression was low or 

undetectable during bud development. (E-H) PpCLE2::NGG expression was present in rhizoids (arrow). (I-K) 

PpCLE7::NGG was first expressed from Stage 2 in apical hairs (arrowhead) and rhizoids (arrow). (M-P) PpCLV1a::NGG 

expression was low or undetectable during bud development. (Q-T) PpCLV1b::NGG was expressed in the apical portion 

of buds at Stage 2, and was present in the apical meristem and leaf primordia in Stage 3 and 4. (U-X) PpRPK2::NGG was 

expressed in the apical portion of the bud in Stage 2, and was also present in rhizoids (arrow). In Stage 3 and 4 the 

expression was present in the apical meristem and leaf primordia. Buds in B, C, D, E, G, H, I, L, K, M, N, O, P, W, X were 

stained using standard conditions. Buds in A, F, J, R, S, T, Q, U, V were overstained (see Methods). Scalebars in Stage 1 

and 2 images = 50µm, Scalebars in Stage 3 and 4 images = 100µm  
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Figure 5.5) Bud staining at four different developmental stages in new promoter::NGG lines. (A-D) PpCLE3::NGG 

expression was present in the apical stem cell throughout bud development (arrowheads). (E-H) PpCLE4::NGG 

expression was first present in the apical region from Stage 3 (arrowheads). (I-K) PpCLE5::NGG was expressed from 

Stage 2 in developing rhizoids (arrows). (M-P) PpCLE6::NGG expression was first present in the apical region from Stage 

3 (arrowheads). (Q-T) PpCLE8::NGG was not expressed during bud development. (U-X) PpCLE9::NGG was expressed in 

Stage 1 buds, and in rhizoids and phyllid initials from Stage 3. All buds have been overstained (see Methods). Scalebars 

in Stage 1 and 2 images = 50µm, Scalebars in Stage 3 and 4 images = 100µm   
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Figure 5.6) Frequency of observed bud staining intensities. A) At Stage 1 only PpCLE3::NGG, PpCLE9::NGG, 

PpCLV1b::NGG and PpRPK2::NGG were expressed in the majority of the buds. B) PpCLE2::NGG, PpCLE5::NGG and 

PpCLE7::NGG were first expressed in the majority of buds at Stage 2. PpCLE9::NGG expression becomes less frequent. 

C) PpCLE4::NGG and PpCLE6::NGG expression was present in the majority of buds at Stage 3. D) At Stage 4 PpCLE8::NGG 

expression was undetectable, while PpCLE1::NGG and PpCLV1a::NGG are expressed with low frequency. All other 

promoter::NGG lines showed expression.  
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CLAVATA genes regulate leaf development 

To understand the role of CLAVATA genes in the transition from 3D gametophore development to planar 

phyllid development, I quantified mutant phenotypes of PpcleAmiR1-3, PpcleAmiR4-7, Ppclv1a, Ppclv1b, 

Ppclv1a1b, Pprpk2 and wild-type phyllids. I stained phyllids with Toluidine blue, imaged them and processed 

the images of half phyllids as described in the methods section to obtain half phyllid outlines, area and cell 

number (Figure 5.7). Leaf size increases acropetally along the gametophore axis for the first nine phyllids and 

then plateaus, so the ninth phyllid from each gametophore was used to compare Ppclv1a and Ppclv1b mutant 

phenotypes to wild-type phenotypes (Barker & Ashton, 2013). As PpcleAmiR1-3, PpAmiR4-7, Ppclv1a1b and 

Pprpk2 mutants have severe defects in gametophore development which do not allow the production of nine 

consecutive phyllids (See Chapter 2), the third phyllid was chosen for analysis in these lines. To ensure 

unambiguous identification of cell wall positions, phyllids had to be imaged while flat, and this proved to be 

challenging due to the highly irregular shapes of PpcleAmiR1-3, PpcleAmiR4-7, Ppclv1a1b and Pprpk2 phyllids: 

many were asymmetrical, had multiple growth axes, were spoon-shaped or had spurs coming out from the 

blade. These phyllids were discarded from further analysis (Figure 5.7A).  

Example outlines of segmented half phyllids are shown in Figure 5.7B. PpcleAmiR1-3, PpcleAmiR4-7, 

Ppclv1a1b and Pprpk2 third leaves were slightly smaller than wild-type, with PpcleAmiR1-3 and PpcleAmiR4-

7 phyllids having a slightly lower mean number of cells, but these differences were not significant (Figure 

5.7C). The comparison between Ppclv1a, Ppclv1b and wild type phyllids revealed that, while Ppclv1a phyllids 

were indistinguishable from wild-type, Ppclv1b phyllids had a reduction in half leaf area and fewer cells 

(Figure 5.7D). Even if it was not possible to quantify the most severe mutant phenotypes from PpcleAmiR1-

3, PpcleAmiR4-7, Ppclv1a1b and Pprpk2 mutant lines, this analysis highlighted a reduced area and cell number 

in Ppclv1b phyllids, suggesting a defect in cell proliferation.  
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Figure 5.7) Characterization of phyllid phenotypes in clavata mutants. A) Images of mutant phyllids with abnormal 3D 

shapes which were not to included in quantitative analyses. Scalebar = 200 µm. B) Cell outlines of sample half-phyllids 

used in the analysis (not to scale). C) Quantification of half-phyllid area and cell number from PpcleAmiR1-3, PpcleAmiR4-

7, Ppclv1a1b, Pprpk2 and wild-type phyllid 3 (n=5). No significant differences in area or cell number were found. D) 

Quantification of half-phyllid area and cell number from Ppclv1a, Ppclv1b and wild-type phyllid 9 (n = 10). Ppclv1a leaves 

were not different from wild-type ones, but Ppclv1b leaves were smaller and with less cells. * = significantly different 

from wild-type, pvalue < 0.05.  
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CLAVATA genes are expressed in a basipetal wave in phyllids 

To explain the mutant phenotypes observed, I analyzed PpCLE1::NGG, PpCLE2::NGG, PpCLE7::NGG, 

PpCLV1a::NGG, PpCLV1b::NGG and PpRPK2::NGG expression in phyllids (Figure 5.8). Heteroblastic series 

containing juvenile, adult and developing leaves were produced by peeling leaves from at least three 

gametophores with more than 15 leaves. In fully expanded juvenile leaves, which can be distinguished by the 

lack of a midrib, no promoter::NGG constructs were expressed. In adult leaves, gene expression was 

dependent on the developmental stage. PpCLE1::NGG, PpCLE2::NGG and PpCLE7::NGG expression started in 

the distal tip of P4-P5 phyllids, where cell expansion has probably stopped (Figure 5.8A-C) (Harrison et al., 

2009; Barker & Ashton, 2013). As phyllids mature, PpCLE1::NGG is expressed in the midrib and in the lamina, 

while PpCLE2::NGG and PpCLE7::NGG are expressed only in the lamina, with PpCLE7::NGG showing weak 

expression. PpCLE1::NGG, PpCLE2::NGG and PpCLE7::NGG expression expands to the middle of the leaf and 

then to the bottom part during successive plastochrons, in a wave-like manner. A similar pattern was 

observed in PpCLV1a::NGG, PpCLV1b::NGG and PpRPK2::NGG lines (Figure 5.8D-F). However, the 

PpCLV1a::NGG expression wave did not start from the tip but the middle of the phyllid in P6-P7, and there 

was strong staining in the midrib (Figure 5.8D). PpCLV1b::NGG expression was present at the base of the 

leaves and in the midrib in P1-P4, expression persisted at the base to P13, and a wave of expression in the 

lamina appeared from the tip of P5, moving down to meet the leaf base expression at P10-P11.  The 

PpRPK2::NGG expression wave was stronger, starting in the P3 tip, expanding to the whole phyllid in P5, and 

reaching the phyllid base in P8-P10, while some expression remains in the broader portion of the lamina. In 

summary, all genes seemed to be expressed in a basipetal wave in phyllid blades and PpCLE1::NGG and 

PpCLV1a::NGG were also expressed in midribs. Interestingly, signal was present in the earliest stages of 

phyllid development in PpCLV1b::NGG and PpRPK2::NGG lines, probably as a continuum with the apical signal 

(see Chapter 2), but no promoter activity from the peptide-encoding genes PpCLE1, PpCLE2 and PpCLE7 was 

observed at this stage. 
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Figure 5.8) Expression of promoter::NGG lines in phyllids. A-C) PpCLE1::NGG, PpCLE2::NGG and PpCLE7::NGG were 

expressed in a basipetal wave in the phyllid lamina. PpCLE1::NGG was also expressed in the midrib. D) PpCLV1a::NGG 

was expressed in the lamina and midrib in a basipetal wave starting from the middle of the phyllid. E) PpCLV1b::NGG 

was expressed at the base of phyllids and in a faint basipetal wave across the lamina. F) PpRPK2::NGG expression was 

present in the gametophore apex and in the tip of young leaves, and there was a basipetal wave of expression from the 

tip to the base of the lamina with some expression in the broader parts of the lamina. At least three phyllid series were 

imaged and observed from each line with similar results. All samples were overstained. Scale bar = 1 mm  
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clavata mutants show reduced or no fertility 

To identify any roles for clavata pathway in the reproductive phase transition, I induced sexual development 

in wild-type, Ppclv1a, Ppclv1b, Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 lines and calculated the fertility rate 

(Table 5.3). In the growing conditions I used, 42.41% of wild-type gametophores developed a sporophyte. 

Despite producing gametangia, Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 mutants were completely sterile. 

Ppclv1a and Ppclv1b mutants were less affected, with a fertility rate that was an order of magnitude lower 

than fertility rates in wild-type plants (5.18% and 1.1% respectively).  

 

 
WT Ppclv1a Ppclv1b Ppclv1a1b Pprpk2 Ppclv1a1brpk2 

Total Gametophores 573 425 175 633 645 215 

With Single Sporophyte 221 20 2 0 0 0 

With Double Sporophyte 22 2 0 0 0 0 

Fertility % 42.41 % 5.18 % 1.1 % 0.00 % 0.00 % 0.00 % 

Table 5.3) clavata receptor mutants show reduced fertility. Fertility rate was calculated as the percentage of mature 

gametophores producing a sporophyte. Wild-type data were collected from three separate batches of sporophyte 

cultures, Ppclv1a1b and Pprpk2 data from two batches and Ppclv1a, Ppclv1b and Ppclv1a1brpk2 data from a single batch 

of cultures. 

 

Antheridia defects were identified in a subset of clavata mutants  

To determine whether the reduced fertility of Ppclv1a and Ppclv1b mutants was due to a defect in 

gametangia development or in gamete production, I first imaged different stages of antheridium and 

archegonium development using the gametangia developmental staging system of Landberg et al., (2013). 

Antheridium development starts with an apical cell undergoing anticlinal divisions (Stage 1-2). Periclinal 

divisions then form inner spermatogenous cells and outer sterile cells, which both proliferate (Stage 3-6). The 

inner cells start to detach from each other and become round, while the outer cell at the tip of the 

antheridium starts inflating (Stage 7). The inner round cells then differentiate becoming thinner mature 

sperm cells, which can be recognized with DAPI staining thanks to their thin, comma-shaped nuclei (Stage 8-
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9). At last, the inflated cell at the antheridia tip bursts releasing the mature sperm cells (Stage 10) (Landberg 

et al., 2013; Horst & Reski, 2017). 

To collect preliminary data on antheridium development, I measured the length of mature antheridia (Stage 

7-10) from PpcleAmiR1-3, PpcleAmiR4-7, Ppclv1a, Ppclv1b, Pprpk2 and wild-type (Figure 5.9A). Whilst 

PpcleAmiR4-7 antheridia were larger than wild-type ones, Ppclv1a, Ppclv1b and Pprpk2 antheridia were 

smaller than wild-type.  

To understand if the smaller antheridia present in Ppclv1a and Ppclv1b were able to produce mature sperm 

cells, I stained them with DAPI and imaged them with an epifluorescence microscope (Figure 5.9B-D). No 

difference was observed between wild-type and Ppclv1a and Ppclv1b mutant sperm development: in all lines 

the inner cells were able to become round (Stage 7) and then mature into elongated sperm cells (Stage 8/9), 

and the antheridia tip cell could burst and release them (Stage 10). Thus the fertility defects of Ppclv1a and 

Ppclv1b are unlikely to reflect defects in sperm development, but may be linked to the smaller size of 

antheridia, to reduced sperm motility or to defective signaling between sperm and egg cell.  
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Figure 5.9) Characterization of antheridium development in clavata mutants. A) Measurements of antheridia length 

at stages illustrated in pictures below in PpcleAmiR1-3 (n=3), PpcleAmiR4-7 (n=8), Ppclv1a (n=20), Ppclv1b (n=35) and 

Pprpk2 mutants (n=23) in comparison to wild-type plants (n=39) (T-test, ** = pvalue < 0.001. Error bars represent 

standard deviation.). (B-D) Male gamete development is not affected in Ppclv1a and Ppclv1b mutants. At least 10 

antheridia from each stage were observed. Scale bar = 50 µm  
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Archegonia defects were identified in a subset of clavata mutants 

Archegonium development also starts with an apical cell undergoing anticlinal division followed by periclinal 

divisions of its daughter cells (Stage 1-4). The inner cells then divide exclusively anticlinally to generate the 

inner canal cells and the inner basal cell (Stage 5). The neck cells proliferate and elongate while the inner 

basal cell divides to generate the egg cell and the companion cell (Stage 6-7). While the egg cell matures, the 

neck keeps elongating and the canal cells degrade (Stage 8) until the archegonium apex opens and the egg is 

exposed to the environment (Stage 9). When the neck canal becomes brown, fertilization has either occurred 

or the egg has started to degrade (Stage 10) (Landberg et al., 2013). 

To collect preliminary data on archegonium development, the length of archegonia with open necks was 

measured (Stage 9-10, Figure 5.10A). Whilst PpcleAmiR4-7 mutants produce larger archegonia than wild-

type plants, Ppclv1b, PpcleAmiR1-3, Ppclv1a and Pprpk2 archegonia were significatively smaller than wild-

type archegonia.  

To determine whether Ppclv1a and Ppclv1b mutants had developmental defects or were unable to produce 

mature eggs, samples were stained with DAPI and a minimum of 10 archegonia from Stage 6-10 were imaged 

(Figure 5.10B-G). No significant differences to wild-type development were found: canal cells were degraded 

in Ppclv1a and Ppclv1b mutants, the archegonium apex opened correctly and round shaped eggs were 

observed in the egg cavity in both mutants, even if less frequently in Ppclv1a.  

Taken together, these preliminary data show that lower fertility might be linked to smaller archegonia and a 

lower frequency of egg development Ppclv1a and perhaps Ppclv1b.  
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Figure 5.10) Characterization of archegonium development in clavata mutants. (A) Measurements of open necked 

archegonium length in PpcleAmiR1-3 (n=30), PpcleAmiR4-7 (n=40), Ppclv1a (n=28), Ppclv1b (n=43) and Pprpk2 mutants 

(n=22) in comparison to wild-type plants (n=45). * = pvalue < 0.05, ** = pvalue < 0.001. Error bars represent standard 

deviation. (B-D) The last stages of archegonium development do not show morphological abnormalities in Ppclv1a and 

Ppclv1b mutants. Scale bar = 100 µm (E-G) Eggs are produced in Ppclv1a and Ppclv1b mutants with different frequencies. 

White arrow indicates egg position. Scale bar = 50 µm 
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Sporophyte development is abnormal in PpcleAmiR lines 

To determine whether PpcleAmiR mutants had similar fertility defects to receptor mutants, I induced sexual 

reproduction in PpcleAmiR1-3 and PpcleAmiR4-7 mutants and collected preliminary data on sporophyte 

development (Figure 5.11). A total of only 5 sporophytes with an expanded capsule were found after 

dissection of a PpcleAmiR1-3 culture. Out of these, three seemed to originate directly from the stem (Figure 

5.11A) or from masses of stem tissue instead than from an archegonium (Figure 5.11B-C), two broke before 

maturation (Figure 5.11D-E) and one had two capsules (Figure 5.11B). These defects resemble defects 

observed by Tanahashi et al., (2005) in Pplfy sporophytes, which were interpreted to arise by  

parthenogenesis. PpcleAmiR4-7 mutants produced substantially more sporophytes per culture than 

PpcleAmiR1-3, and 29 were imaged. Of these, half (15/29) had a single growth axis and were of a similar size 

to wild type (Figure 5.11F). Sporophytes with double, triple and quadruple growth axes were also observed 

(Figure 5.11G-I). Interestingly, two sporophytes were growing upside down, with the foot in proximity of the 

archegonium neck and the capsule at the base (Figure 5.11L). These data suggest that PpcleAmiR1-3 mutants 

might have low fertility, while PpcleAmiR4-7 mutants might have growth axis defects. However, it is 

important to note that only one replicate with no wild-type control was performed.  

 

Figure 5.11) PpcleAmiR mutants show aberrant sporophyte morphologies (A-E) The five sporophytes that were 

retrieved from PpcleAmiR1-3 mutants developed from tissues other than archegonia, had multiple capsules or broke 

before full maturation. (F-L) Nearly half of the sporophytes developing from PpcleAmiR4-7 plants had wild-type 

morphology (F), while others had defects including multiple (G-I) or inverted (L) growth axes. (M) Wild-type sporophyte 

(from a different experiment). Scale bar = 200 µm 
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New knock down lines (PpclvAmiR1a, PpclvAmiR1b, PpclvAmiR1a1b) were generated and 

partially screened  

As Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 mutants are completely sterile, an artificial-miRNA approach was 

conceived to produce knock-down mutants that could allow the study of sporophyte development in these 

lines, and make crosses possible. To this end, two AmiRNA constructs made by Dr Tsuyoshi Aoyama and 

Stephanie Sang were prepared for transformation: pPGX8 containing an estradiol-inducible promoter and 

pT1OG containing a constitutive promoter. Three pT1OG plasmids containing AmiRNA constructs targeting 

either PpCLV1a, PpCLV1b or both genes (pEF1a::AmiRclv1a, pEF1a::AmiRclv1b or pEF1a::AmiRclv1a1b) were 

used to transform wild-type moss protoplasts. After two rounds of antibiotic selection, I started screening 

the lines as shown in Figure 5.12A. A total of 21 putative PpclvAmiR1b and 7 putative PpclvAmiR1a1b lines 

were screened, identifying 3-8 and 1 possible mutant respectively (Figure 5.12, Table 5.4). While primers 

used to amplify the 3’ border, 5’ border and the pEF1a::AmiRNA cassette worked well, primers designed on 

the ZeoR cassette gave ambiguous results. At least other 50 lines remain to be screened.   
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Figure 5.12) Screening strategy and results for PpclvAmiR lines. (A-B) Four primer pairs were used to validate the 

presence of the Zeocin resistance gene, the full pEF1a::AmiRNA cassette, and the 3’ and 5’ insertion points on a subset 

of PpclvAmiR1b and PpclvAmiR1a1b lines. WT = Wild Type, PC = Plasmid Control, NC =  Control (no DNA), L = ladder   

B 
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Lines ZeoR AmiRCLV 3' border 5' border Correct insertion 

PpclvAmiR1b      

1-2 + + + + X 

1-3 ? + + + X? 

1-4 + + - + 
 

1-5 + + - + 
 

1-6 ? + - + 
 

1-7 + + - + 
 

1-9 ? + + + X? 

1-10 - + - + 
 

1-11 - + + + 
 

1-12 ? - - - 
 

1-13 + + + + X 

1-14 + + + + X 

1-15 - + + + 
 

1-17 ? + ? + X? 

1-18 ? - - - 
 

1-19 ? + + + X? 

1-20 - - - - 
 

1-21 ? - - - 
 

1-22 ? + + + X? 

1-24 - + + + 
 

1-25 ? - - - 
 

PpclvAmiR1a1b      

1-8 ? + + + X? 

1-27 ? - - +  

1-38 + + - +  

2-3 ? + - +  

2-8 ? + - +  

2-9 ? + - +  

2-10 ? + - +  

Table 5.4) Preliminary screening results from PpclvAmiR lines. Four primer pairs were used to screen a subset of 

PpclvAmiR lines, identifying 3-8 possible PpclvAmiR1b lines and 1 possible PpclvAmiR1a1b line. + indicates band 

presence, - indicates bud absence, ? indicates inconclusive result, X indicates lines with confirmed correct insertions. 



202 
 

DISCUSSION 

PpCLV1a::NGG, PpCLV1b::NGG and PpRPK2::NGG expression patterns during bud development 

partially explain mutant phenotypes 

Cell division plane orientation is disrupted during the early stages of bud development in clavata mutants, 

and cells expand isotropically (Whitewoods et al., 2018). To understand the basis of this phenotype it was 

necessary to determine where PpCLE peptides are produced and perceived, so I studied the expression 

patterns of CLAVATA genes in bud development in detail using promoter::NGG lines. Pprpk2 is the only single 

receptor mutant showing abnormal division planes in buds, and both PpCLV1b::NGG and PpRPK2::NGG 

promoters were active during the earliest stages of bud development. Therefore, PpRPK2 is likely to be the 

most important receptor in regulating bud development, followed by PpCLV1b, similarly to what happens in 

gametophores and protonemal tissue (Chapter 2-4). Despite the lack of PpCLV1a::NGG expression in the bud, 

only Ppclv1a1b double mutants and not Ppclv1b single mutants have strongly defective bud phenotypes, 

suggesting that the PpCLV1a expression pattern could be altered to compensate for the loss of PpCLV1b in 

Ppclv1b mutants.  

The presence of PpCLE3::NGG and PpCLE9::NGG transcription in the early bud makes PpCLE3 and 

PpCLE9 the most likely candidates to regulate division plane orientations  

Expression analyses using PpCLE1::NGG, PpCLE2::NGG and PpCLE7::NGG lines did not  detect any signal in 

the earliest stages of bud development, leading us to hypothesize that PpCLV1b and PpRPK2 receptors that 

are active in the buds could perceive peptides produced in the filament cells around the buds (Whitewoods 

et al., 2018). Since peptide application does not recover bud phenotypes, it was also hypothesized that the 

localization/direction of the peptide source could be important to orient the cell division planes. However, 

this implies that the receptors in the bud can perceive the direction of a peptide gradient through external 

liquid media while being immersed in a multitude of peptide-producing filaments. 
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After analysing the expression of all nine PpCLE genes it became clear that PpCLE3 and PpCLE9 peptides are 

produced from early stages of bud development, and therefore specific cells in the bud could act as a 

directional source of peptide to help coordinate division plane setting. To unravel how CLAVATA pathway 

components regulate positioning of the first cell plates and the establishment of 3D growth in buds, it would 

be useful to perform an extensive analysis of early bud development using confocal microscopy on 

PpCLE::NGG expression lines in combination with PpCLV1a, PpCLV1b and PpRPK2 protein fusion lines. 

PpCLE genes show cell type specific expression patterns during late bud development  

During later stages of bud development peptide perception is broadly located in the apical region, but 

peptide production seems to be more specific. The nine PpCLE genes encode for four peptides (PpCLE12389, 

PpCLE4, PpCLE56 and PpCLE7) which could potentially have different binding specificity to the receptors. 

From their position in the apical portion of the bud and phyllid primordia, PpCLV1b and PpRPK2 might have 

to integrate different peptide signals coming from different directions and potentially carrying distinct 

significance. For instance, PpCLE12389 may diffuse from the apical stem cell (see PpCLE3::NGG expression) 

and later from leaf initials (see PpCLE9::NGG expression), PpCLE4 and PpCLE56 are produced during bud 

development from Stage 3 in some unidentified cells close to the apex, while PpCLE7 may diffuse from the 

hairs. Some PpCLE peptides could have a predominant role in bud development compared to others, but it 

is unlikely that a single peptide is responsible of correct bud development, as both PpcleAmiR1-3 and 

PpcleAmiR4-7 mutants show aberrant division planes orientation in buds. At the same time, PpRPK2::NGG 

expression in rhizoid tips overlaps with PpCLE2::NGG, PpCLE5::NGG, PpCLE6::NGG, PpCLE7::NGG and 

PpCLE9::NGG expression, possibly constituting an autocrine signaling module similar to the signaling modules 

operating in protonemata (Chapter 3). Overall, the data presented here allows a better understanding of 

CLAVATA regulation of bud development, and ultimately of apical meristem function. 

CLAVATA pathway in the context of bud development regulation 

Further research will be needed to establish how CLAVATA genes interact with other known regulators of 

bud development. As CLAVATA genes are involved in bud specification without being necessary for it, while 
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also regulating subsequent developmental steps, it is likely that they act downstream of PpAPB transcription 

factors (Aoyama et al., 2012). It has recently been shown that PpNOG2 promotes transcription of PpCLE4 and 

PpCLE5 genes. Since PpNOG2 is probably involved in cuticle formation and Ppnog2 mutant buds mostly arrest 

at Stage 1 when PpCLE4 and PpCLE5 are not expressed, this regulation is likely to be indirect (Moody et al., 

2020). On the other hand, as PpTON1 is a general regulator of pre-prophase band formation (Spinner et al., 

2010), it is likely that CLAVATA genes may regulate PpTON1 activity. The two other genes which have been 

shown to control bud development are both involved in post-translational regulation: PpDEK1 is a calpain 

and PpNOG1 is a ubiquitin-associated protein (Perroud et al., 2014; Moody et al., 2018). Thus, to study any 

relationships between these genes and CLAVATA pathway, protein processing and stability should not be 

overlooked. As an example, it is possible that PpDEK calpain domain could be involved in PpCLE peptides 

maturation by cleaving them out from the precursor, or that PpNOG1 could affect ubiquitination of  

PpCLV/RPK2 receptors.  

CLAVATA pathway might regulate cell proliferation during phyllid development  

To investigate CLAVATA role in the transition to planar phyllid development, I phenotyped clavata mutant 

leaves and analyzed promoter::NGG expression patterns. It was previously shown that P. patens treated with 

CLE peptides has smaller phyllids with fewer cells, and thus that CLE peptides inhibit phyllid cell proliferation 

(Whitewoods et al., (2018), unpublished data).  

Although it was not possible to determine how the extreme phyllid phenotypes of Pprpk2 and Ppclv1a1b, 

PpcleAmiR1-3 and PpAmiR4-7 mutants arise, their presence indicates that PpRPK2 could have a dominant 

role in phyllid development compared to the other receptors. Ppclv1b had a more subtle phenotype (with 

curled but still two-dimensional leaves) allowing effective quantitative analysis. Interestingly, Ppclv1b 

phyllids were smaller with fewer cells, like phyllids treated with CLE peptides, making the loss of function 

phenotype similar to the gain of function (Whitewoods et al., 2018). Something similar happens also in the 

case of PpPIN auxin transporters, in which both mutant and overexpression lines show reduced cell division 

in phyllids (Viaene et al., 2014). Diminished cell proliferation in the differentiated phyllids of Ppclv1b mutants 

was coupled with an increased proliferation of undifferentiated tissue at the gametophore base, pointing at 
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an imbalance between proliferation and differentiation. This links to the role of CLAVATA pathway as a 

repressor of stem cell proliferation in Arabidopsis (Rojo et al., 2002), with the main difference that in P. 

patens CLAVATA seems to be able to repress or enhance proliferation depending on the developmental 

context.   

PpCLE::NGG expression was absent during early phyllid development, but a basipetal wave of 

expression was observed at later stages  

The observed phenotypes could be only partially explained by PpCLE1::NGG, PpCLE2::NGG and PpCLE7::NGG 

gene expression patterns, as PpCLV1b and PpRPK2 promoters are active are during primordia development, 

but the earliest expression of PpCLE1::NGG, PpCLE2::NGG and PpCLE7::NGG was in P5/6, after most cell 

proliferation has already happened. Analysis of the expression patterns of the remaining PpCLE::NGG lines 

could reveal PpCLE expression at earlier stages of phyllid development and help explain mutant phenotypes. 

It would be particularly interesting to observe more completely the expression of PpCLE8::NGG and 

PpCLE9::NGG, as whole gametophore imaging showed signal in initiating phyllid blades and midribs (Chapter 

3). It has been hypothesized that auxin promotes differentiation by suppressing proliferation in leaves, and 

a basipetal wave of PpPIN expression and localization has been observed during early leaf development (P1-

P5), correlating with cell expansion in the phyllid (Barker & Ashton, 2013; Viaene et al., 2014; Dennis et al., 

2019). However, the basipetal wave of CLAVATA expression developed later, in P5-P11, and overlaps quite 

closely to the wave of auxin response indicated by PpDR5v2 and PpGH3 reporters (Thelander et al., 2019). 

CLAVATA expression in phyllids follows the same pattern of the basipetal wave of cell expansion, but delayed. 

This is particularly evident in PpRPK2::NGG, where expression is present until P10 in the broader portion of 

the leaf blade, in the same region where cell division protracts until P6 and cytokinin promotes proliferation 

(Harrison et al., 2009; Barker & Ashton, 2013). 
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CLAVATA pathway could affect P. patens fertility by regulating gametangia development or 

gamete maturation and function 

This chapter also illustrates how CLAVATA genes play a role in the transition from gametophytic to 

sporophytic growth. The loss of fertility in clavata mutants has multiple possible origins. I started by looking 

for defects in gametangium development. As an example, Pprpk2 is sterile but it can produce archegonia and 

antheridia, though both organs are smaller than in wild type plants. Smaller archegonia generated by 

increased cell division and reduced expansion are present in auxin biosynthesis mutants (Landberg et al., 

2021), therefore CLAVATA could regulate archegonium development by promoting auxin synthesis and/or 

transport as shown in protonemata (Chapter 4). However further analysis will be needed to understand if 

cell proliferation and/or expansion are affected in clavata mutant archegonia. Antheridia developing in auxin 

biosynthesis mutants are branched and some cells in the inner layer are unable to divide and complete 

spermatogenesis, but mature antheridia are not smaller than wild-type ones. Because these phenotypes do 

not overlap with clavata mutant phenotypes, roles for CLAVATA in antheridium development are likely 

independent of auxin.  

Smaller gametangia, however, do not explain the sterility of Pprpk2 mutant as the same phenotype is also 

present Ppclv1a and Ppclv1b lines, which retain some degree of fertility. Complete fertility loss could be 

explained by impaired gamete maturation. In Ppclv1a and Ppclv1b mutants both sperm cells and egg cells 

appear able to differentiate correctly, while further analysis will be needed in sterile lines like Pprpk2, 

Ppclv1a1b and Ppclv1a1brpk2 to understand if gametes are produced and can reach maturity. This complete 

phenotypical analysis, together with expression patterns analysis from promoter::NGG lines, would greatly 

help to determine roles for the CLAVATA pathway in gametangium development and gamete formation. 

An alternative explanation for the loss of fertility in clavata mutants is that mature gametes are formed but 

are not functional, either because of reduced sperm motility or because of defective signaling between sperm 

and egg cell. To investigate these possibilities one approach could be to evaluate sperm cells viability by 

Propidium Iodide staining, and then to record their motility with short videos (Horst & Reski, 2017; Ortiz-

Ramírez et al., 2017; Koshimizu et al., 2018). Another complementary approach could be to cross sterile 
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clavata mutant lines with wild-type ones. If any sporophytes developed from mutant gametophores it would 

mean sterility is not linked to the egg cell function. Defects related to sperm function or female signaling 

could be detected by collecting sporophytes grown on wild-type gametophores and germinating the spores 

on selective media. If any spores were resistant, it would mean that mutant sperm are fertile. However, this 

approach would only be possible for mutants containing a resistance cassette, like Pprpk2, and not for CRISPR 

lines like Ppclv1a1b and Ppclv1a1brpk2, for which genotyping would be needed. To avoid genotyping, a 

fluorescent marker could be transformed in CRISPR mutant lines, so that any fluorescent sporophytes on wild 

type gametophytes could be easily identified as a hybrid (Perroud et al., 2011). Another strategy to test sperm 

cells function in Ppclv1a1b and Ppclv1a1brpk2 mutants could be to cross them with the newly reported male 

sterile line Ppccdc39 (Meyberg et al., 2020) In this case any sporophyte formed on Ppccdc39 plants would be 

the result of successful fertilization from a clavata mutant sperm cell. 

A possible role for CLAVATA pathway in sporophyte development  

Sterile clavata mutants could also result from an arrest of sporophyte development at the earliest stages. In 

Ppwox13l mutants, reduced fertility has been linked to zygote developmental arrest at the single cell stage 

(Sakakibara et al., 2014). If a CLAVATA-WOX loop is functional in the sporophyte generation of P. patens, 

defects in clavata mutant sexual reproduction might have a similar origin.  

Preliminary data on PpcleAmiR1-3 and PpcleAmiR4-7 mutants show that CLAVATA might have additional 

roles related to axis formation during sporophyte development. Sporophytes with multiple growth axes have 

also been found in Pppinab mutants, as well as in Pptcp mutants (Bennett et al., 2014b; Ortiz-Ramírez et al., 

2016). To understand the origin of PpcleAmiR sporophyte branching, more accurate phenotyping would be 

needed, as well as an analysis of promoter::NGG expression patterns during sporophyte development.  

Expression patterns as tools for future studies 

The data presented in this chapter highlight the role of descriptive studies in opening new routes of research. 

More specifically, in the case of large and potentially highly redundant gene families like the CLE family, 

detailed expression patterns can pave the way for more targeted functional approaches. This has been shown 
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in Arabidopsis, where Jun et al., (2010) have compiled an exhaustive analysis of CLE peptides expression 

across tissues, providing a valuable resource which encouraged further studies on specific aspects of 

Arabidopsis CLE peptide signaling. Likewise, complete expression patterns of PpCLE and PpCLV/RPK2 could 

help unravel new roles for CLAVATA pathway in bud, phyllid and reproductive development in P. patens.  
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CHAPTER 6 

General Discussion 
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Expression analysis of CLE genes points at different roles for CLE peptide in specific developmental 

contexts. 

Detailed expression analysis has been carried out on all vegetative stages of P. patens development (Figure 

6.1 – 6.2). PpCLE expression first appears in caulonemal apical cells, where PpCLE5::NGG and PpCLE9::NGG 

show the strongest expression. PpCLE3::NGG and PpCLE9::NGG expression at the early stages of bud 

development suggests that they have the potential to affect apical cell activity and/or orient cell division 

planes at the onset of 3D growth. PpCLE3::NGG expression continues in buds and gametophores, marking  

the apical stem cell with high specificity. Hence, PpCLE3 is a good candidate for the regulation of 3D 

meristematic activity. PpCLE5::NGG expression was only detected in rhizoids and rhizoid precursor cells in 

the gametophore, and in caulonemata, in agreement with the similarities between these two tissue types 

(Jang et al., 2011; Jang & Dolan, 2011). A wave of CLAVATA gene expression can be observed in leaves, with 

similar developmental timing to the wave of PpDR5v2 auxin response (Thelander et al., 2019). Because 

PpCLE8::NGG was highly expressed in the leaf blade and PpCLE9::NGG was specifically expressed in 

developing midribs, PpCLE8 and PpCLE9 are the most likely peptide-encoding genes involved in phyllid 

development. The downregulation of PpCLE1-3 expression causes mixed cell identity in protonemata, and 

both PpcleAmiR lines have defective bud development, showing that PpCLE genes expression in protonema 

and early buds regulates normal development. In both maize and tomato, closely related CLE genes which 

originated from a recent duplication event can compensate each other mutation (Rodriguez-Leal et al., 2019). 

Thus, the phenotypes observed in PpcleAmiR lines could result from the downregulation of the verified 

PpCLE1, PpCLE2 and PpCLE7 genes, and/or other PpCLEs, combined with buffering effects. Expression analysis 

of newly discovered CLE genes in the PpcleAmiR mutant backgrounds should allow to dissect the relative 

importance of these two components.  
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Figure 6.1) Schematic representation of CLAVATA gene expression patterns in vegetative development from 

published lines. PpCLE1::NGG expression starts in young gametophore leaves and becomes more intense with 

gametophore age. PpCLE2::NGG expression is present in some caulonemal tip cells, in the rhizoids of buds of stage 4 

and in leaves in young gametophores. In older gametophores the staining expands from leaf bases into the stem, and 

an apical dot appears. PpCLE7::NGG is expressed in caulonema filaments, and in hairs and rhizoid tips in in stage 2-3 

buds. In young gametophores it is expressed at the base of the leaf, and it expands into the stem in old gametophores. 

PpCLV1a::NGG expression starts at the base of young gametophores leaves and is present in the bottom part of the 

stem in adult and old gametophores. Vein staining can be present. PpCLV1b::NGG expression is present in caulonema 

filaments and sometimes in stage 1 buds, but becomes evident in the apical portion of stage 2 buds. Intense expression 

can be seen in leaf primordia in buds of stage 3 and 4. In the gametophores staining accumulates in the whole stem. 
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PpRPK2::NGG expression is present in the apical cell of caulonema filaments and sometimes in stage 1 buds, but 

becomes evident in the apical portion of stage 2 buds. Intense expression can be seen in leaf primordia and rhizoids in 

buds of stage 3. In gametophores staining also accumulates in the whole stem and leaf bases. Drawing not to scale.  

 

Figure 6.2) Schematic representation of CLAVATA gene expression patterns in vegetative development from 

unpublished lines. PpCLE3::NGG expression is sometimes present in caulonemal apical cells, but strong expression start 

with the establishment of the apical cell in the bud, and it is specific to gametophore apical cells. In adult gametophores 

weak expression is present at the leaf base. PpCLE4::NGG expression is sometimes present in caulonema apical cells as 

well as in axillary hairs from bud stage 3 and at the leaf base in adult gametophores. PpCLE5::NGG is strongly expressed 

in caulonemal apical cells and in rhizoids from the early stages of specification. PpCLE6::NGG expression is sometimes 

present in caulonemal apical cells and in rhizoids. In buds at stage 3/4 expression is present in the apical region, and in 
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adult gametophores it extends in the whole of the gametophore axis. PpCLE8::NGG expression is present in the leaves 

of adult gametophores. PpCLE9::NGG is strongly expressed in caulonemal apical cells and sometimes in chloronema and 

stage 1 buds. From stage 3 buds expression can be seen in the apical region, and in adult gametophores it is evident 

that this corresponds to developing conductive tissue. Drawing not to scale.  

PpRPK2 regulates protonemal development by acting on auxin homeostasis 

In this work, I studied the roles of CLAVATA pathway components across P. patens developmental stages. 

Out of the three CLAVATA receptors studied, PpRPK2 showed a predominant role in multiple developmental 

stages. The P. patens life cycle starts with spore germination and the production of protonemal filaments. 

CLAVATA genes are not expressed during spore germination but they do have a role in protonemal 

development. Mutations in PpRPK2 cause the production of more caulonemata with stronger cell identity. 

PpRPK2::NGG was expressed in apical stem cells of caulonemata, rhizoids, buds and later gametophores 

(Figure 6.1). In protonemal tissue, Pprpk2 mutants showed a reduction of auxin synthesis and transport and 

an abnormal response to auxin treatments, indicating that in wild-type plants, PpRPK2 could repress 

caulonemal cell identity by regulating auxin synthesis, PpPIN expression and possibly auxin perception and/or 

response pathways. Cytokinin hypersensitivity in the Pprpk2 mutant was interpreted as a secondary effect of 

the different auxin regulation.  

PpCLV1a/b effect is weaker than PpRPK2 

Ppclv1a1b plants had a weaker protonemal phenotype, but still showed a reduction in auxin synthesis and 

transport. PpCLV1b::NGG expression patterns were largely similar to PpRPK2::NGG, with some exceptions, 

but PpCLV1b is necessary to regulate proliferation only in phyllids and at the gametophore base (Figure 6.1). 

PpCLV1a::NGG had the lowest expression and was mainly present in sporelings and gametophore base. 

Accordingly, PpCLV1a was largely dispensable for vegetative development. However, Ppclv1a1b mutants was 

considerably more severe than Ppclv1b phenotype, indicating that PpCLV1a could expand its expression 

pattern and be able to compensate for the loss of PpCLV1b, and thus that PpCLV1a expression in the wild 

type might be inhibited by PpCLV1b. A similar active compensation mechanism, where the loss of one gene 
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causes upregulation of its paralogue, buffers the effect of clv1 mutation in Arabidopsis SAM, where BAM 

genes expand their expression domain (Nimchuk et al., 2015). 

CLAVATA receptors could interact to regulate development 

The phenotypical differences between Pprpk2 and Ppclv1a1b mutants protonemata could be explained by 

either the difference in expression patterns or by epistasis. In Arabidopsis, CLV1 binds the CLV3 peptide, while 

RPK2 does not. However, RPK2 might have a role in signal transmission (Betsuyaku et al., 2011; Shinohara & 

Matsubayashi, 2015; Shimizu et al., 2015). In moss, Pprpk2 mutants are insensitive to CLE peptides 

application (Whitewoods et al., 2018). It is possible that PpRPK2 can directly bind to CLE peptides and affect 

development more efficiently than PpCLV1b due to slightly higher expression in stem cells, or that PpRPK2 is 

fundamental to transmit the signal perceived by PpCLV1a/b and/or other unknown receptors. The weakness 

and variability of Ppclv1a1b protonemal phenotype makes it difficult to confidently say if Pprpk2 and 

Ppclv1a1b phenotype are additive and thus if PpCLV1a/b function independently from PpRPK2 in 

protonemata. Measurement of Ppclv1a1b, Pprpk2 and Ppclv1a1brpk2 gametophores could help to 

understand the relationship between the CLAVATA receptors.  

LRR-RLK proteins tend to interact with each other and form extensive networks which are needed for their 

function in both disease resistance and development (Smakowska-Luzan et al., 2018; Jose et al., 2020). In 

Arabidopsis, CLV1- and RPK2-type receptors can form complexes with other receptors in the membranes, 

and LRR-RLK receptors from other classes are also involved in CLE peptides perception (Somssich et al., 2015; 

Zhang et al., 2016b; Gutiérrez-Alanís et al., 2017). While the specific physical and genetic interactions 

between CLAVATA receptors are not likely to be conserved between moss and flowering plants, it is likely 

that LRR-RLK in moss do not act alone but form membrane complexes, possibly with the involvement of non-

CLV LRR-RLK. There are 119 LRR-RLK genes in P. patens (Liu et al., 2017), and it is thus possible that some 

other unknown receptors and/or co-receptors are involved in CLE perception, potentially signaling through 

PpRPK2.  
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CLAVATA pathway regulation of 3D growth could be mediated by auxin or another mechanism 

The CLAVATA pathway is also essential in the regulation of 3D growth in moss, as the severe mutants produce 

abnormal buds which terminate early (Whitewoods et al., 2018). Rhizoid emergence is also regulated by 

auxin (Jang et al., 2011; Bennett et al., 2014b), so the lack of rhizoids in PpcleAmiR1-3, PpcleAmiR4-7 and 

Ppclv1ab mutants further hints at an imbalance in auxin homeostasis. When gametophores grow, a range of 

phenotypes related to early meristem termination and/or overproliferation of undifferentiated cells can be 

observed. Since auxin promotes differentiation and represses proliferation, the formation of callus-like 

masses in Ppclv1b mutants could also be explained by a lower auxin content and disrupted transport to the 

gametophore base, where auxin response is higher in wild-type plants (Bennett et al., 2014b). However, 

CLAVATA could also act through different mechanisms in the context of 3D growth. As an example, the 

development of smaller leaves with fewer cells in at least one receptor mutant (Ppclv1b) could suggest 

increased auxin or decreased cytokinin activity. Furthermore, smaller archegonia are produced in auxin 

biosynthesis mutants as well as in some clavata mutants, but the antheridia phenotypes differ (Landberg et 

al., 2021). Hence, either CLAVATA acts on auxin in archegonia but not on antheridia or it acts through some 

other mechanism on both. Future analysis of gene expression in gametangia should shed light on this 

phenotype, possibly explaining the lack of fertility of clavata mutants. Overall, CLAVATA genes regulate 

protonemal identity through auxin homeostasis, and in gametophore development by balancing cell 

proliferation and differentiation. 

CLAVATA roles in bryophyte development could be as diverse as their roles in flowering plants 

The CLAVATA pathway was an innovation of land plants (Whitewoods et al., 2018), and its role has also been 

studied using a liverwort, Marchantia polymorpha. The Marchantia genome encodes two MpCLE peptides: 

MpCLE1 more closely resembles TDIF-type peptides, while MpCLE2 is a CLV3-type peptide. According to this 

classification, MpCLE1 is perceived by the MpTDR receptor, while MpCLE2 is perceived by the MpCLV1 

receptor. TDIF-type peptides regulate vascular development in vascular plants, but in Marchantia the 

MpCLE1-TDR module represses proliferation in the apical notches (Hirakawa et al., 2019), and therefore has 
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a role more similar to the AtCLV3-CLV1 module in the SAM of flowering plants. On the other hand, the 

MpCLE2-CLV1 module represses cell differentiation and so indirectly promotes stem cell proliferation and 

branching (Hirakawa et al., 2020), bringing to mind AtTDIF-PXY function in cambial meristem proliferation 

(Hirakawa et al., 2010; Etchells et al., 2013). Interestingly, auxin is synthesized in apical notches and it 

positively regulates branching (Flores-Sandoval et al., 2015; Eklund et al., 2015). MpCLV1 expression overlaps 

with MpYUCCA2 in the apical notch and both are enlarged by MpCLE2 treatment (Hirakawa et al., 2020), 

suggesting a possible link between MpCLE2-CLV1 and auxin synthesis in Marchantia. One RPK2 gene is 

present in Marchantia genome, but its role has not yet been studied (Whitewoods et al., 2018). 

Taken together, these data show that in bryophytes CLAVATA regulates the balance between cell 

proliferation and differentiation, but that it can do so in different ways. In M. polymorpha proliferation ad 

differentiation seem to be regulated by TDIF-like and CLV3-like peptides respectively (Hirakawa et al., 2019, 

2020). In P. patens, the regulation of both proliferation and differentiation could have been taken up by CLV3-

like peptide after the loss of TDIF-like ones. To do so, the CLV1/RPK2 receptors may have acquired the ability 

to use the TDR downstream signaling pathway as well, and thus to have the potential to shift the balance 

between cell proliferation and differentiation both ways depending on the developmental context. As an 

example, in caulonemata and rhizoids apical cells CLAVATA expression is co-localized with high auxin 

response (PpDR5v2), while in buds and gametophores apical cells it is not (Thelander et al., 2019). Therefore, 

CLAVATA output might be different depending on the auxin responsiveness of these stem cell types. More 

studies will be needed to see if CLAVATA acts on PpPIN expression and auxin synthesis in gametophore apical 

cells. 

CLAVATA is unlikely to regulate auxin homeostasis through WOX genes in bryophytes 

In Arabidopsis SAM, CLV3-expressing stem cells in CZ perceive auxin, but their auxin response is repressed 

via WUS-mediated chromatin modification. CLAVATA opposes WUS action, indirectly promoting auxin 

response. However, a minimal level of auxin signaling is required to maintain the stem cell population (Ma 

et al., 2019). Interestingly, gametophore apical cells in P. patens produce auxin but are unable to sense it, 

and the activity of gametangia apical initials relies on the maintenance of a low auxin state (Thelander et al., 
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2019; Landberg et al., 2021), highlighting that resistance to auxin might be an ancient and conserved feature 

of plant stem cells. The WUS-like clade of WOX genes which interacts with CLAVATA pathway in flowering 

plants evolved in euphyllophytes. Bryophyte WOX genes belong to a clade which lacks the WUS repression 

domain (Lin et al., 2013; Ge et al., 2016; Wu et al., 2019). In Arabidopsis, WOX14 is an ancient WOX gene 

which promotes cell proliferation in the cambial meristem (Etchells et al., 2013). In P. patens, PpWOX13LA/B 

genes are required for the re-specification of chloronemal apical cells from phyllid cells by regulating cell wall 

plasticity, but not tip growth associated genes. Since Ppwox13La/b mutant zygotes do not divide, 

PpWOX13LA/B genes could have further roles in sporophyte development (Sakakibara et al., 2014). A third 

WOX gene, PpWOX13LC is expressed at very low levels and has not yet been studied (eFP browser, Ortiz-

Ramírez et al., (2016) dataset). In Marchantia, MpCLE2-CLV1 acts independently from MpWOX. The Mpwox 

mutant shows a generic growth reduction, but without any defect in the apical notch region, so MpWOX 

precise function is yet to be found (Hirakawa et al., 2020). Therefore, in the gametophytic stage of the 

bryophyte life cycle CLAVATA and WOX genes appear to act independently. To challenge this hypothesis, it 

would be interesting to measure PpWOX13LA-C genes expression in the clavata mutants used in this study.  

What transcription factors might be mediating CLAVATA action?  

Since previous studies suggest that CLAVATA does not act through WOX genes in bryophytes, the effects of 

CLAVATA on auxin homeostasis and cell proliferation/differentiation are likely go through other transcription 

factors. The lack of knowledge about gametophyte shoot meristem regulation and about downstream 

CLAVATA signaling pathways makes it difficult to predict which genes may be targets. In Arabidopsis SAM, 

HD-ZIP III transcriptions factors restrict meristem expansion and WUS expression independently from 

CLAVATA (Mandel et al., 2016). However, WUS is largely dispensable for stem cell identity as long as three 

HD-ZIP III are mutated (Lee & Clark, 2015). This observation led to the hypothesis that an unknown stem cell 

determinant is controlled antagonistically by both pathways and can regulate apical meristem activity once 

HD-ZIP III repression is released. In Arabidopsis roots, GLABRA2, an HD-ZIP IV transcription factor involved in 

root hair development is repressed by CLE14 treatment (Hayashi et al., 2018). In P. patens, HD-ZIP III genes 

are expressed in gametophore apices and control cell proliferation in phyllid primordia (Zalewski et al., 2013; 
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Yip et al., 2016). Because HD-ZIP III genes affect phyllid development at a much earlier stage than CLAVATA, 

without affecting bud development or gametophore apical cell activity, they are unlikely to mediate CLAVATA 

action in 3D growth. Data on HD-ZIP III roles in protonemata are contrasting or variable, and an HD-ZIP I 

transcription factor has a mild effect on rhizoid differentiation (Sakakibara et al., 2003; Yip et al., 2016). Thus, 

it is possible that some HD-ZIP genes could come downstream of CLAVATA pathway in protonemal and/or 

rhizoid development, but the weak mutant phenotypes suggest that they might not be the most direct 

targets. 

In Arabidopsis, WUS interacts with HAM to regulate stem cell maintenance, and in ham1234 mutants both 

SAM and RAM terminate early and growth is arrested at the seedling stage. Because ham1234 mutant 

phenotype is stronger than wox5 phenotype, it has been hypothesized that HAM might also act through 

WOX-independent pathways (Schulze et al., 2010; Zhou et al., 2015). HAM genes are present in bryophytes 

and their structure and regulatory regions are conserved, so that PpHAM can complement the corresponding 

Arabidopsis mutant (Geng et al., 2021). These findings imply that PpHAM role could be conserved between 

Arabidopsis and P. patens, therefore pointing at PpHAM as a potential direct target of CLAVATA signaling in 

moss.  

An alternative hypothesis could be that CLAVATA downstream signaling in moss causes phosphorylation of 

ARF genes, regulating their activity directly. A similar mechanism has been shown in Arabidopsis, where TDR 

receptors can regulate ARF phosphorylation state via BIN2 signal transduction (Cho et al., 2014). If this were 

the case in moss, PpARFs could then regulate auxin synthesis and transport. In RNAseq datasets from auxin-

treated gametophores overall PpCLE and PpCLV1b expression is reduced, while PpRPK2 expression is 

increased (Peatmoss, Ortiz-Ramírez et al., (2016) dataset). Preliminary data from Connor Madden (Harrison 

lab) support an increase in PpRPK2 expression in whole colonies in response to auxin, but do not highlight 

other major changes in CLAVATA gene expression. If these data are confirmed and CLAVATA pathway is itself 

regulated by auxin, a positive feedback loop would arise without the need of other transcription factors. 

Finally, it is possible that CLAVATA regulates gametophyte development via transcription factors that have 

been lost or have a completely different function in angiosperms. 
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Evolution of meristems 

Amongst all the angiosperm meristematic genes which have been studied in Physcomitrella, only PpPINs and 

CLAVATA have a role in gametophore apical cell regulation (Bennett et al., 2014b; Whitewoods et al., 2018). 

It has been hypothesized that the genetic networks regulating sporophytic meristems were not co-opted 

from the gametophytic generation, but represented a case of de novo evolution (Sakakibara et al., 2008).  

Our findings help paint a more complex scenario in which genetic modules coming from the gametophyte 

generation could have been co-opted by the sporophyte and re-wired together to fulfill different functions.  

There are two active meristems in moss sporophyte development: first an apical stem cell cuts new 

derivatives, and later an intercalary meristem generates the seta. In the multicellular sporophyte meristems 

of flowering plants these two functions are juxtaposed, with stem cell derivatives directly going through 

proliferation (Harrison, 2017). It has been recently shown in P. patens that a KNOX-IPT module co- regulates 

proliferation in the sporophyte intercalary meristem, while PpPIN and PpTCP genes might regulate the 

sporophytic apical cell to maintain a single growth axis (Bennett et al., 2014b; Ortiz-Ramírez et al., 2016; 

Coudert et al., 2019b). Similarly, it is tempting to speculate that CLAVATA-mediated regulation of auxin 

homeostasis could also have been co-opted to coordinate sporophyte development. The CLV-WOX feedback 

loop could have originated in the sporophytic generation of the last common ancestor of land plants, in 

vascular plants or in euphyllophytes, when the modern WUS-clade of WOX genes evolved, enabling the 

formation of more complex meristem structures (Ge et al., 2016). In this context studying CLAVATA 

expression patterns and mutant phenotypes in P. patens sporophyte development would allow us to 

formulate more precise hypotheses on the interactions, if any, between CLAVATA,  PpPINs and PpWOX genes. 

Therefore, the study of CLAVATA function in the moss sporophyte has the potential to answer long-standing 

questions regarding stem cells and meristem evolution.  
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